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Deutschsprachige Zusammenfassung
Die fortschreitende Verkleinerung von elektronischen Bauteilen, wie integrierte Schaltkreise
und Speicherbausteine, kommt an eine physikalische Grenze, die durch die schiere Größe
und die dissipierte Leistung gegeben ist. Eine Möglichkeit, die entstehende Wärme zu reduzieren, ist Spintronik, Elektronik mit Spins anstatt Ladungen. Die Eigenschaft der Spins hängt
direkt mit dem Magnetismus zusammen, daher muss man verstehen, wie Magnetismus auf
der atomaren Skala entsteht.
In dieser Arbeit wurden atomare Kontakte aus starken Paramagneten auf das Vorhandensein
von magnetischer Ordnung untersucht. Dazu wurden an dem starken Paramagneten Iridium verschiedene elektronische Transportmessungen durchgeführt und auf indirekte Hinweise auf Magnetismus untersucht. Ein direkter Nachweis magnetischer Ordnung ist über
den Nachweis von Spin-Polarisation möglich. Dazu gibt es zwei Möglichkeiten: Erstens die
Methode über das Schrotrauschen und zweitens die Analyse von supraleitenden Strom-Spannungs-Kennlinien (I V -Kennlinien), deren Nichtlinearitäten auf Spin-Polarisation oder sogar
magnetische Momente hinweisen können.
Durch Untersuchungen von Transporteigenschaften mit angelegtem Magnetfeld und ohne
wurde in atomaren Kontakten aus den starken Paramagneten Palladium und Platin bereits
ein indirekter Nachweis von magnetischer Ordnung erbracht. Der Nachweis der magnetischen Ordnung in atomaren Kontakten aus Iridium stand noch aus. In dieser Arbeit wurden
atomare Kontakte mit lithographisch definierten Bruchkontakten hergestellt und mit Hilfe
von magnetischen Feldern untersucht. Die Ergebnisse zeigen eine große, nicht monotone
Abhängigkeit des Leitwerts vom magnetischen Feld (Magnetoleitwert, MC) sowie eine anisotrope Leitwertsänderung mit 10 % Effektgröße (anisotroper Magnetoleitwert, AMC). Die
Form und die Amplitude sowohl des MC als auch des AMC lassen sich durch Dehnen der
Kontakte modifizieren. Ein weiterer Hinweis auf das Vorhandensein einer magnetischen Ordnung sind Anomalien bei null Spannung (zero bias anomaly, ZBA). Diese ZBAs konnten mit
der Theorie für den Kondo-Effekt beschrieben werden und für Iridium wurde eine Verteilung
der Kondo-Temperatur mit Maxima bei 26 K und 125 K bestimmt.
Für den Nachweis von Spin-Polarisation wurde ein Versuchsaufbau für die Messung von
Schrotrauschen ausgerüstet. Hierzu musste die Verkabelung eines bestehenden Aufbaus auf
möglichst geringe Kapazität optimiert und der verwendete Strom-Spannungs-Verstärker charakterisiert werden. Mit Messungen an Gold konnte der Versuchsaufbau getestet werden. An
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Cobalt konnte gezeigt werden, dass es möglich ist Spin-Polarisation nachzuweisen. Die starken Paramagneten Palladium, Platin und Iridium zeigen hingegen keine oder keine eindeutige Spin-Polarisation, jedoch ist für atomare Kontakte eine Häufung der Messdaten an der
Grenze des Bereichs des spin-polarisierten Transports erkennbar.
Auch die zweite Nachweismethode für Spin-Polarisation über multiple Andreev-Reflexionen,
Nichtlinearitäten in supraleitenden I V -Kennlinien, wurde verwendet, um magnetische Momente in atomaren Kontakten aus starken Paramagneten zu zeigen. Dafür musste ein Kryostat, der Temperaturen < 20 mK erreicht, zur Verwendung mit Bruchkontakten ausgerüstet
und getestet werden. An Proben aus Aluminium und Aluminium – Gold konnte gezeigt werden, dass der Aufbau für die Messung von supraleitenden I V -Kennlinien geeignet ist. Die
Probenherstellung für die Hybridproben aus Palladium und Aluminium erwies sich als herausfordernd. Die erste verwendete Methode, Schattenbedampfung, welche für Aluminium
– Gold problemlos funktionierte, stieß bei Aluminium – Palladium, bedingt durch die mechanischen Spannungen im Palladiumfilm, an ihre Grenzen. Außerdem sind bei Palladium
deutlich dickere Schichten nötig, damit die Probe leitfähig ist, was jedoch durch den inversen Proximity-Effekt zu einer starken Unterdrückung der Supraleitung führt. Die zweite Möglichkeit, eine Mehrschritt-Lithographie, erwies sich auf dem isolierenden Substrat als sehr
herausfordernd. Daher war es nur möglich zwei funktionierende Proben zu messen. Die I V Kennlinien der einen Probe sind durch den inversen Proximity-Effekt deutlich verrundet,
trotzdem konnte hier ein erster Hinweis auf Spin-Polarisation oder zumindest das Vorhandensein eines magnetischen Moments gefunden werden. Die zweite Probe zeigt zwar im Histogramm Signale, die auf Palladium hinweisen, jedoch weisen die I V -Kennlinien auf einen
Kontakt zwischen Aluminium und Palladium hin. Hier konnten keine eindeutigen Hinweise
für Spin-Polarisation oder magnetische Momente gefunden werden.
Zusammenfassend kann gesagt werden, dass es durch indirekte Transportmessungen möglich war, Hinweise auf eine magnetische Ordnung in atomaren Kontakten aus starken Paramagneten zu finden. Hinweise auf eine Spin-Polarisation in solchen Kontakten konnten
jedoch nicht eindeutig bestätigt werden. Messungen mittels supraleitender Kontakte zeigten
für eine Probe eine Veränderung der I V -Kennlinien, welche auf Magnetismus hindeutet.
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Chapter 1

Introduction
The ongoing digitization of the world requires increasing number of transistors in a circuit
as well as an increasing amount of storage. The number of transistors on a chip doubles
every two years, additionally, the size of one transistors reduces constantly [Moo65]. This
leads to an increase of power density on a standard chip, which produces unwanted heat
[BRK05]. Additionally, the size of a transistors is limited by the minimum distance between
gate and channel. One possible solution to reduce the power consumption is to reduce the
current flowing. The net transport of electrons could be reduced to zero, if spintronics is used
[WCT06]. The reduction in feature size of magnetic bits is limited by the superparamagnetic
effect [GM12, p. 736]. Both, spintronics and the minimum size of a magnetic bit, need information about the emergence of magnetism at the atomic scale.
One promising system to analyze the properties of magnetism on the atomic scale are strong
paramagnets. For these materials it has been calculated, that a magnetic order evolves at
the atomic scale [DT03]. First transport measurements on platinum [Str+15] and palladium
[Str+16] show a big, non-monotonous magneto-conductance, a first sign of the predicted
magnetic order. In this work, the third metal iridium is investigated for the same signatures.
Additionally, the presence of spin-polarized transport through such contacts is investigated.
There are two different methods to analyze the electrical transport through a ballistic contact:
shot noise and multiple Andreev reflection. The first method uses the suppression of current
noise for fully transmitting channels [BR99]. The latter one makes use of superconducting
properties and the resulting non-linearities in the current voltage (I V ) curves [Sch+98]. For
both methods a setup was designed and characterized. First measurements on strong paramagnets were carried out.
This work is structured as followed: In chapter 2, the transport through atomic contacts and
the influence of magnetism on the transport through single atoms is discussed. The results
of atomic contacts of strong paramagnets are discussed and exemplified in detail for iridium.
One way to measure direct evidence of spin-polarization is through shot noise. This method
is discussed in chapter 3. First, the non-magnetic theory and then the influence of magnetism
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on shot noise is presented, followed by the experimental setup and the sample preparation.
The measurement of gold, cobalt, and the strong paramagnets palladium and platinum are
discussed. A short comparison between the strong paramagnets platinum, palladium and
iridium is drawn.
A second option to probe the presence of spin-polarization are multiple Andreev reflections.
With this technique, presented in chapter 4, it is also possible to detect local magnetic moments. To understand the experiment, an introduction to the theory is given first. Then the
setup and the sample preparation, including the difficulties, are presented. To validate the
results of this setup, control measurements on aluminium and aluminium – gold are presented, followed by results on aluminium – palladium.
All results are summarized in chapter 5.
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Chapter 2

Magnetism in Atomic Contacts
To understand how a spin-polarized transport through an atomic contact is possible, first
the magnetic order in such contacts should be explained. In this chapter I introduce the
transport mechanism in atomic contacts (see section 2.1) and the influence of magnetism on
the transport through atomic contacts (section 2.2). In section 2.3 I focus on simulations and
measurements of atomic contacts made of strong paramagnets like platinum, palladium, and
particularly iridium, which was measured in the framework of this thesis.

2.1 Mesoscopic Transport
The explanation of the transport in atomic contacts requires the consideration of the length L
of the sample. For large samples with length L À l e , the mean free path, the electrical transport is diffusive, meaning that electrons or other charge carriers, undergo many scattering
events while passing the sample. Therefore, the transport is dominated by these scattering
events and one can describe it with Ohm’s law R = ρ LA . Here, ρ is the resistivity and A the
cross section of the conductor. For the opposite case, L < l e the transport is ballistic, meaning there are no scattering events for charge carriers inside sample. Hence, the momentum
of the charge carriers is conserved in the sample. A second differentiation of the transport
regime can be done using the phase coherence length l φ , which states over which distance
charge carriers are able to interfere with each other. This length is limited by the number of
inelastic scattering events. Samples with l φ > L are called mesoscopic [CS10].
For atomic contacts, another length is important for the transport of charge carriers. If the
Fermi wavelength λF is bigger than the width of the sample W , one talks about quantum
point contacts. In this case the transport is limited to so called channels with a defined transmission. A perfect transmitting channel leads to a conductance equal to the conductance
2
quantum G 0 = 2eh = 7.75 × 10−5 S in the case of spin-degeneracy. The transport in atomic
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contacts is not limited to perfectly transmitting channels. Due to the valence of the used
metal(s), multiple channels with arbitrary transmission are possible. A theoretical model,
which also applies to atomic contacts, has been published by Landauer [Lan70]. For n channels with transmissions {τi }, one gets
G=

n
n
X
2e 2 X
τi = G 0
τi
h i =1
i =1

(2.1)

for the overall conductance of the contact [AYR03].

2.1.1 Atomic Contacts
There are different approaches to the formation of atomic contacts and chains. The three
main methods are using a scanning tunneling microscope (STM), electromigration, and a
mechanically controllable break junction (MCBJ) [AYR03; CS10; Wie94; Hof17; Rui+96]. In
the following, the advantages and disadvantages of the different approaches are discussed.
The mechanically most stable method is the electromigration [Hof08; Hof17]. There, one
defines a structure with a constriction directly on the substrate. The atomic contact is then
formed by controlled thinning of the constriction using high currents. This method relies on
the local heating of the constriction and the atoms in the constriction are then transported
away by electrical forces. The direct contact with the substrate makes the contact robust
against mechanical distortion. With this method it is only possible to change the junction
from a closed to a open state, i.e. from low to high resistance of the junction. Thus, one is not
able to form multiple junctions using one sample.
The most versatile method for forming atomic contacts is the STM. There, one crashes the
STM tip into the sample and forms an atomic contact by retracting the tip. Not only ripping
apart a contact, but also forming is possible [GM87; ARV93]. The two main advantages of
the STM are the speed and the flexibility. The fast movement of the tip, caused by the piezo
drive, enables for fast contact formation. The lateral movement of the tip allows to use fresh
surfaces to form new contacts or even contacting adatoms and molecules on sample surface.
Combining a STM with an AFM (atomic force microscope) adds the possibility of measuring
the force of the breaking process [RK06; MK06]. However, the drawback of the STM configuration is the low long-term stability of the contacts due to vibration and piezo creep, especially
when changing temperature or in magnetic fields.
A compromise between electromigration and STM, in the means of flexibility and stability, is
the MCBJ technique [Rui+96; AYR03]. A sample, consisting of a metal with a defined constriction on a flexible substrate, is placed in a three point bending mechanism (see figure 2.1). The
relative movement of the pushing rod toward the counter supports leads to a bending of the
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Figure 2.1: In a) a SEM picture of a lithographically defined break junction after measurement is
shown. The scale bar is 1 µm long. b) Working principle of a MCBJ: The sample is mounted between two counter supports (round) and the pushing rod (the relative displacement between them
is marked by arrows). The bending of the sample translates into a stretching of the constriction.

sample. This bending, in turn, results in a strain in the constriction and with increasing strain
the metal starts to rupture. Since the substrate is elastic, it is also possible close the sample
again, when retracting the pushing rod [AYR03]. There are two possibilities to place the metal
on the substrate. The notched-wire technique uses a thin metal wire, which is notched in the
middle and glued to the substrate at two points on either side of the notch. The second approach defines the break junction on the substrate using lithography [Vro+05]. This second
approach is used in the present work. The advantages are the reversibility of the breaking
process and the high stability compared to STM junctions. The stability originates from the
reduction between the movement of the pushing rod and the movement between the two
tips. This stability makes it possible to measure contacts over several days, if the whole system remains undisturbed. The drawback of the MCBJ is the slow speed of several minutes to
open a contact and the reduced flexibility in choosing the location of the atomic contact.

2.1.2 Formation of Atomic Chains
Not only the formation of atomic contacts is possible, but for some metals it is also possible to prepare atomic chains. Metals which are known for forming atomic chains are gold,
iridium, and platinum [RU01; RK06; KM09]. There are special requirements for the formation of atomic chains which are mainly material dependent [Smi+01]. Adding oxygen to the
chain facilitates the formation of chains also in elements, which do not form chains in vacuum [Thi+06]. One experimental evidence for the formation of atomic chains is the length
of the last conductance plateau in stretching experiments. Using STM or MCBJ enables to
calculate the elongation of the chain by knowing the length of a single atom. Additionally, the
conductance changes periodically while stretching the contact. Exact measurements show
even-odd oscillations, when adding atoms to the chain [Smi+03]. These oscillations are material dependent and are well visible in gold and the oxidized chains, but not so pronounced
in platinum and iridium [Smi+03].
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To understand the process of chain formation, many calculations on different metals have
been performed [Rub+01; BJ01; SSF01] and Thiess et al. published a comprehensive theory
of chain formation [Thi+08]. In their work, the two main criteria for chain formation are the
producibility and the stability of an atomic chain. Both rely on energy considerations of a
stretched chain with an interatomic distance d . The chain is stable as long as the energy of
a chain with N + 1 bindings (N atoms) with distance d is smaller than the energy of a chain
with N bindings with equilibrium distance d 0 and the energy of one broken bond. The producibility is the criterion for adding a new atom to a stretched chain. Thiess et al. consider
a chain with N + 1 atoms at a stretched interatomic distance d and calculate the energy difference to a chain with relaxed distance dˆ with an additional atom in the chain. As shown
in their article, Thiess et al. find a region for chain formation for the three transition metals
gold, platinum, and iridium as well as for gold – oxygen chains and silver – oxygen chains.
In a subsequent article, Thiess et al. also investigated the influence of magnetic order on the
formation of atomic contacts [Thi+09]. They calculated stability diagrams for different materials with and without a magnetic order. They assumed that the ground state is mainly
ferromagnetic, but for tungsten and rhenium an anti-ferromagnetic ground state is taken
into account. These calculations lead to an energy difference between the (anti-)ferromagnetic and non-magnetic state for a given atomic distance. Using this energy difference, they
conclude that for most investigated materials the presence of a magnetic state hinders the
formation of an atomic chain.

2.2 Magnetic Order
To understand magnetism in reduced dimensions, a short introduction into magnetism is
given. A detailed description of different magnetic effects can be found in [Blu01; GM12]. To
understand the magnetism at the atomic scale, two models for itinerant electrons are important: the Pauli paramagnetism and band ferromagnetism.
Pauli paramagnetism is a simple model to explain a positive susceptibility χ. A positive χ
means an external magnetic field B ext features a magnetization M in the same direction as
the applied magnetic field. The most important ingredient is the magnetic moment based
on the spin of the electrons: µs = −g s m s µB . For negligible orbital effects the Landé factor
eħ
g = 2. m s = ±1/2 is the spin quantum number and µB = 2m
the Bohr magneton. Due to the
e
external magnetic field, the electrons with spin parallel to the applied magnetic field, named
spin-up, are lowered in energy. The electrons with opposite spin, spin-down, are subject to
an increase in energy. This shift in energy leads to a rearrangement of the electrons increasing
the number of spin-up electrons. The resulting magnetization reads
M Pauli = D(E F )µ2B B ext
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with the density of states D(E F ) at the Fermi energy. A simplified picture of the split density of
states is shown in figure 2.2 a). The susceptibility is reduced if orbital effects are included:
χLandau = −

1 ³ m e ´2
χPauli .
3 m∗

(2.3)

m ∗ is the effective electron mass, which is m ∗ = m e for most metals, leading to a paramagnetic behavior of these metals. Prominent exceptions are the noble metals gold, silver, and
copper.
To explain ferromagnetic order, a spontaneous spin splitting, meaning a rearrangement of
electrons from spin-down to spin-up, is needed. For a stable rearrangement of electrons, it
has to be energetically preferred. Therefore, one assumes a non-split density of states, as
shown in figure 2.2 b), and places some electrons of the spin-down band into the spin-up
band. This costs some kinetic energy
1
E kin = D(E F )(δE )2 ,
2

(2.4)

with the energy δE between E F and the uppermost energy of the transferred electrons. There
are more electrons with spin-up, leading to a local magnetization resulting in an energy reduction
1
E pot = − U (D(E F )δE )2
4

(2.5)

with the material dependent Stoner parameter U [Sto38; Sto39]. The total change in energy
is, therefore,
1
1
∆E = E kin + E pot = D(E F )(δE )2 (1 − U D(E F )) .
2
2

(2.6)

This energy change is negative if the Stoner criterion 12 U D(E F ) − 1 ≥ 0 is fulfilled1 . For bulk
materials, this is true for the three known band ferromagnets iron, cobalt, and nickel. If the
Stoner criterion is not fulfilled, there is no spontaneous spin-splitting and, therefore, no ferromagnetism. However, metals with 0 < 21 U D(E F ) < 1 experience an enhancement of the
susceptibility by
χ=

1−

χPauli
1
2 U D(E F )

(2.7)

in magnetic fields: The so called Stoner enhancement. Metals with a pronounced Stoner enhancement are strong paramagnets, e.g. palladium or platinum. Their exact properties are
1 Here, the definition U = 2µ µ2 γ is used, with the mean field constant γ, connecting the mean field B =
0 B
A
µ0 γM A with the magnetization. Others, like [Blu01], uses a the definition U = µ0 µ2B γ and resolve a different
looking Stoner criterion U D(E F ) − 1 ≥ 0.
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a)

E

b)

EF

EF

E
δE

2μBB

DOS

DOS

Figure 2.2: The density of states for two important magnetic phenomena are depicted. a) The density
of states for Pauli paramagnetism with an external magnetic field B is shown. b) shows the density
of state for deriving the band ferromagnetism according to Stoner. Adapted from [Blu01].

discussed in section 2.3.2.
Since the factor 12 U D(E F ) is also dependent on the density of states D(E F ), a change of D(E F )
will also change the Stoner enhancement. One possibility to change D(E F ) is to change the
coordination, i.e. the number of neighbors of the atoms and, as a result, the Stoner enhancement changes. Major changes in D(E F ) might lead to a fulfilled Stoner criterion of ferromagnetism. Reducing the number of neighboring atoms can be achieved in small clusters
consisting of few atoms or in atomic contacts and chains. Measurements of atomic contacts
of ferromagnets are discussed in section 2.2.1 and the effect of localized moments inside a
junction is described in the framework of the Kondo effect (see section 2.2.2). The theory and
experiments on strong paramagnets in reduced dimensions are presented in section 2.3.

2.2.1 Ferromagnetic Atomic Contacts
First investigation of magnetism in atomic contacts have been performed by Ono et al. by
studying histograms of atomic nickel contacts [Ono+99]. They found a pronounced transition from a quantization of 2e 2 /h in zero magnetic field to half-quantization of e 2 /h starting
in magnetic fields around 100 Oe. This finding is in contrast to measurements published by
Untiedt et al. [Unt+04]. They investigated atomic contacts of the three metals iron, cobalt,
and nickel with and without a magnetic field of 5 T. The published histograms of Untiedt et
al. do not show any differences between applied magnetic field and no magnetic field. One
possible explanation for the differences found by Ono et al. and Untiedt et al. is the applied
field scale of 100 Oe compared to 5 T. I am not aware of studies investigating the evolution of
histograms with the magnetic field, thus a conclusion is not available.
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Figure 2.3: Magneto-resistance measurements of atomic contacts are shown for the ferromagnets
nickel (a)) and cobalt (b)). Taken from [Vir+02; Egl+10].

Other studies did not use a statistical approach, but looked at the behavior of the resistance
of single contacts in magnetic field. The results of nickel [Vir+02; Wei+06; KYN06] and cobalt
[Egl+10] are comparable (see figure 2.3). The characteristics of these measurements are rich,
sweep direction dependent features, which are sometimes step-like, and a transition to a
smooth, non-monotonous behavior above a certain field scale (∼ 2 T for cobalt and ∼ 0.2 T
for nickel). The low-field features can be understood as local rearrangements due to magnetostriction (see below) or to overcome the local saturation fields. The features at high magnetic fields may be effects of spin-dependent scattering events (cf. section 2.3.2).
Further publications investigated the dependence of the resistance of such atomic contacts
as a function of the angle between the current and the magnetic field. The results of these
measurements is called anisotropic magneto-resistance (AMR). These measurements show
a pronounced dependence of the resistance on the angle [BKR06; Vir+06; Sok+07; Aut+08].
Some of the curves show a two level behavior rather than a continuous transition, which one
would expect from bulk measurements. This two level behavior was also subject of discussions [SR07]. One possible explanation is atomic movement in the contact region [Shi+07],
since theory predicts either step-like [NN00; Chu+02] or continuous transitions [HVC09]. Another explanation is again magnetostriction, which is discussed in the following.
Magnetostriction describes a change in length (width/ volume) with respect to the applied
magnetic field. This effect is known for a long time and has been investigated intensively for
bulk materials [Lee95]. For atomic contacts, it is not easy to distinguish mechanical deformation caused by magnetostriction from effects based on electronic interactions, since it is hard
to produce non-freestanding, tunable constrictions. Especially samples with long free-standing parts are prone to magnetostriction [CH15; Ien+12]. Nonetheless, Gabureac et al. tried to
avoid magnetostrictive effects and proposed an experiment to exclude them [Gab+04]. They
used a special sample geometry and adjusted the MCBJ in such a manner, that they have a
tunneling contact. Any changes in position are now visible as changes in the tunnel current,
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based on the exponential dependence of the tunnel current from the distance between the
two tips.

2.2.2 The Kondo Effect
The Kondo effect was first measured in clean metals including a small amount of magnetic
impurities [HBB34]. In these experiments, the resistance increases with falling temperature. This phenomenon was first covered theoretically by Kondo [Kon64] and later refined
by Wilson [Wil75] using the Anderson model [And61]. An exact solution was developed in the
1980s with the Bethe ansatz [And80; Vig80]. An overview over the different models is given in
[Hew93].
A more reliable way to identify the Kondo effect is by a zero-bias anomaly (ZBA) in dI / dV
measurements. First measurements of this ZBA in ballistic contacts were done by Ralph and
Buhrman [RB92; RB94] in disorderd point contacts without any magnetic impurity2 . In point
contacts including magnetic impurities the first measurements were presented by Yanson et
al. and van der Post et al. [Yan+95; Pos+96]. Many further investigations of the Kondo effect
in quantum dots made from various materials have been published [COK98; NCL00]. There
are two publications on measurements of the Kondo effect in atomic contacts, which were
published nearly simultaneously3 [Li+98; Mad+98]. The work of Madhavan et al. investigated
a single-atom contacts made of a cobalt atom on a gold surface, whereas Li et al. reported
results for cerium atoms on a silver surface.
The dI / dV curves mostly show Lorentz-like line shapes, but in atomic contacts the line shape
may differ. Therefore, it is easier to model these curves with a Fano resonance [Fan61], which
describes a tunneling process through two coupled states. For atomic contacts the two articles of Calvo et al. [Cal+09; CJU12] refine this model. The rates, energies, and couplings on
which this model is based are depicted in figure 2.4. The line shape is described by:
dI / dV = g 0 +

(q + ²)2
A
·
.
1 + q 2 1 + ²2

(2.8)

In this model g 0 is the conductance at V = 0, A the amplitude of the resonance, q the Fano
factor, which describes the shape of the resonance and ² = (eV − ²0 )/(k B TK ) the energy of the
magnetic state. There, k B TK is the half-width of the resonance, which is related to the Kondo
temperature TK and ²0 < k B TK describes the shift of the magnetic state with respect to the
Fermi level. The physical interpretation of the parameters is described in [CJU12]. Also in the
STM experiments of [Mad+98] and [Wah+07] similar models were used.
2 Measurements in diffusive contacts are available since the 1980s, e.g. [YS86].
3 The work of Li et al. was submitted first in September 1997, but was published slightly later than the work of

Madhaven et al., which was submitted in January 1998.
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Figure 2.4: A simple model of an atomic contact to describe the Kondo effect is shown. It includes the
coupling parameters ΓL > ΓR between the atom and the electrodes and the coupling Vsd between
the s- and the d -orbital of the atom. Adapted from [CJU12].

There are different possibilities to distinguish between a ZBA based on the Kondo effect from
other ZBAs:
1. Applying a magnetic field should split the dI / dV above a certain field size. The splitting depends on the size of the magnetic field. The distance between the two peaks is
2g µB B with g the Landé factor, B the applied field and µB the Bohr magneton. One
only observes a splitting, if the line width of the resonance is smaller than or comparable with the splitting due to the magnetic field [Pos+96; COK98; Qua+07].
2. By varying the temperature of the sample, two observations in the dI / dV are made:
First the amplitude of the resonance should decrease logarithmically and second the
width should increase linearly with temperature [COK98].
Both effects are shown in figure 2.5 for a measurement of a quantum dot, performed by Cronenwett et al. [COK98]. Because of the high Kondo temperature of atomic contacts of ferromagnets, it is not possible to measure these effects. The magnetic energy µB B has to be
comparable to the energy related with the Kondo temperature TK to resolve the splitting in
magnetic fields: µB B ≈ k B TK . Assuming TK ≈ 100 K [CJU12] leads to B ≈ 150 T, which is far
beyond any possible static magnetic field in low temperature experiments. Resolving the effect of the temperature on the Kondo resonance requires at least T = TK /2. Unfortunately, it
is not possible to keep an atomic contact stable over a such big temperature range. Reasons
for that are thermal fluctuations at higher temperatures and different thermal expansion for
the used materials leading to modifications of the contact.

2.3 Magnetism in Atomic Contacts of Strong
Paramagnets
The magnetic order in small clusters and especially in atomic contacts of strong paramagnets
has been been studied in recent years. Regarding the Stoner criterion, strong paramagnets
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Figure 2.5: The effect of the temperature a) and the magnetic field b) on a Kondo resonance is shown.
This measurement was performed on a quantum dot. The insets in a) show the decrease in height
(left) and increase in width (right) of the resonance. The inset in b) shows the peak position in µV
over the applied magnetic field. The splitting follows the g µB B line. Taken from [COK98].

are close to ferromagnetism and so one expects a magnetic order as soon as the density of
states changes, connected to the dequenching of the d orbitals. For palladium a 6 % larger
bond length should be sufficient [MM89]. First approaches to the magnetic order in strong
paramagnets have been made by simulating respective structures with the means of DFT calculations. First simulations showed a magnetic ground state for clusters of palladium up to
13 atoms [RKD93; Zha+95; Agu+07]. Stern-Gerlach experiments with clusters with more than
ten atoms do not show any resulting magnetic moment [Cox+94], however, photoelectron
spectra indicated a magnetic order up to seven atoms [GE96]. Later SQUID measurements
showed a hysteresis loop in bigger clusters with up to some hundred atoms [Sam+03]. Also
other materials should feature a magnetic order in few-atom clusters [FF07]. Since electrical measurements on single clusters are challenging, the field started to calculate the emergence of magnetic order in atomic wires and contacts. The results of the different studies
are discussed in section 2.3.1. Corresponding measurements on atomic contacts of strong
paramagnets are presented in section 2.3.2. There, the focus is on iridium, since this metal
was investigated during this work. Signs of Kondo resonances in these contacts are scoped in
section 2.3.4, again with a focus on iridium.

2.3.1 Simulations on the Magnetic Order in Atomic Contacts and
Chains
There is a large number of simulations of the magnetic order in atomic contacts and chains
for strong paramagnets. The focus here is on the three metals platinum, palladium, and iridium. First simulations dealt with infinite monoatomic chains of iridium and platinum leading to a magnetic order for elongated chains [DT03; DT04a; NRK04]. Soon also other metals
[DT04b], differences between straight and zig-zag chains [Gar+05; FGF07; TG10; Sah+11],
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infinite wire

atomic contact

platinum

iridium

palladium

0 µB to 0.2 µB
[DT03; FF07; Smo+08]
∼ 1 µB [Gar+09]

0.64 µB
[DT03; FF07]

-

0.3 µB [TMH10]

0.2 µB to 0.4 µB
[TMH10]

0.7 µB
[DT04b; Gav+10]

Table 2.1: An overview over simulations of magnetic moments per atom: The top row gives the value
for infinite atomic wires, the lower row for atomic contacts. The corresponding references are given
as well.

and more refined structures have been investigated [Sme+08; Smo+08; Gav+10]. Also the direction of magnetisation, along or perpendicular to the direction defined by the connection
line between the two apex atoms, was focus of a study [Smo+08]. For a long time, only the
magnetic moment of the chain and apex atoms have been calculated. Later, effects on the
transport properties were analyzed [Fer+05; Gar+09], as well as the magnetic anisotropy energy (MAE) [Mok+06; FGF07], which measures the pinning of the magnetic moments to their
direction. Comprehensive calculations of the MAE for platinum and iridium were performed
by Thiess et al. These calculations include different position types4 , as well as variations of
the bond lengths between the atoms in the contact caused by strain [TMH10]. The results of
this paper are discussed later (see section 2.3.3). The effects of non-collinearity and spin-orbit coupling were taken into account in the theory [Kum+13b; Zha+14].
One major outcome from most of the simulations is the knowledge of the size of the magnetic
moment at the equilibrium bond length. The most probable values are given in table 2.1. Especially for iridium the value changes depending on the position of the atom in the contact.

2.3.2 Experimental Evidence from Transport Measurements
First measurements of the change in resistance as a function of the magnetic field in atomic
contacts of the strong paramagnet palladium showed effects up to several hundred percent
[Ien+12]. Ienaga et al. used notched-wire break junctions with a long suspended part. They
explain the large effect with magnetostriction (cf. page 15), which seems reasonable for long
suspended junctions. Measurements of short suspended junctions are also published for
the three strong paramagnets platinum, palladium, and iridium. The corresponding publications of Strigl et al. and Prestel et al. report the presence of a magnetic order in atomic
4 Position type means the role of the atom inside the contact, e.g. apex or center atom.
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contacts [Str+15; Str+16; Pre+19]. In all three studies the changes in the conductance were
measured while changing the magnetic field continuously. The results of iridium have been
obtained in the present thesis project. Therefore, the results of iridium will be discussed in
more detail. For all three metals similar properties of the magneto-conductance traces have
been found. These properties can be connected to indications for a local magnetic order. The
five different indications for a local magnetic order are [Str+15; Str+16]:
1. The size and
2. the shape
of the magneto-conductance (MC) and anisotropic magneto-conductance (AMC) traces are
comparable to those of ferromagnetic atomic contacts.
3. MC and AMC strongly depend on the exact contact, i.e. the atomic configuration.
4. The sweep with in- and decreasing field show a hysteresis at B = 0 T
5. and the MC traces are dependent on the history of the contact.
Strigl et al. introduced a qualitative model to explain the shape of the measured MC traces
with B ⊥ I [Str+15]. The model is based on considerations, comparable to those of the GMR
effect. Strigl et al. assigned magnetic moments to each atom in the atomic chain, the two
apex atoms and also each lead. Due to their spin, electrons passing through the constriction
feel the changes in magnetic field arising from the magnetic moments. Applying a magnetic
field will influence the orientation of the magnetic moments. The effect of this influence depends on the magnetic anisotropic energy (MAE) of each magnetic moment. As calculated
by Smogunov et al., the MAE depends on the position of the magnetic moment in the contact
[SDT08]. Therefore, the electrodes, which are only weakly bound, will change their orientation first. The magnetic moments of the chain atoms are pinned strongest and, therefore,
unaffected by the experimentally available fields. Not only the orientation of the magnetic
moments changes, but, more importantly for the model, also the relative orientation between
the moments changes with changing magnetic field.

Phenomenological Model
In the following, the model of Strigl et al. will be described in detail for the two most common
cases depicted in figure 2.6. There are also explanations for the more complex cases reported
in [Str+15; Str16]. In most cases, the curves are similar for positive and negative fields. Mostly,
they follow the same trend for in-/decreasing field, but one also finds exceptions. The following explanations are formulated for increasing, positive field. The behavior in decreasing and
negative field is accordingly.
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Figure 2.6: Some different orientations of the magnetic moments for the two dominating shapes of
MC traces for negative a) and positive b) MCR are depicted. The model includes electrode atoms
in blue, apex atoms in magenta and chain atoms in cyan. The direction of the magnetic moments
is indicated by arrows, the size of which is reciprocal to the MAE of the corresponding part. Taken
from [Str+15].

For a negative MCR, the curve has a maximum at B = 0 T. This case is depicted in the figure 2.6 a) and belongs to the collinear ground state. This means without any applied field,
all magnetic moments point in the direction of the chain and, therefore, in the direction of
current. With increasing field, the weakly bound magnetic moments of the electrodes start
to align with the applied field. This leads to a decrease of the conductance, because the magnetic moments are misaligned leading to additional scattering events. At the local minimum
in conductance, the magnetic moments of the electrodes are fully aligned with the external
magnetic field. With further increasing field, the magnetic moments of the apex atoms start
to change their orientation, because the respective MAE is overcome. Since the magnetic
moments of the apex atoms bridge the perpendicular orientated magnetic moments of chain
atoms and the electrodes, the overall transparency recovers and the conductance increases
again. One does not find any further extremes, since the needed magnetic field to rotate the
apex atoms fully and to begin to rotate the magnetic moments of the chain atoms is too high
for the used experimental setups.
For the positive MCR, with a minimum at B = 0 T, a non-collinear ground state is required. As
depicted in figure 2.6 b), the magnetic moments of one electrode and apex atom are pointing
perpendicular to the chain axis. By increasing the field, the magnetic moment of the second
electrode changes its orientation. This enhances the tunneling probability between the two
leads and the conductance increases. At the finite-field extreme, the magnetic moment of
the electrode is aligned with the magnetic field and the magnetic moment of the second, still
collinear aligned, apex atom is changed. This results in a reduction of conductance, due to
increased misalignment in the system.
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Characterization of the MC Curves
In general a large variation of shapes was found for all three metals. An overview of ten typical MC traces for each metal is given in figure 2.7. A discussion about the shapes and their
abundance is done in the corresponding publications [Str+15; Str+16; Pre+19] and will not
be reproduced here. The exact shape depends on the atomic configuration and the coupling
between the different parts of the junction. Considering only contacts of the three different
metals, which do not change their conductance at zero field during measurement, one can
compare the key features of the MC traces. This overview is given in table 2.2.
Going from platinum via iridium to palladium, one sees a monotonous development in the
key features of the MC traces: hysteresis, effect size, finite field extremes, and ratio of collinear
to non-collinear ground states. This trend can be compared to two properties: The first one
is the spin-orbit coupling (SOC), which enhances the spin-mixing and, therefore, leads to
the formation of a non-collinear ground state. The second property is the Stoner parameter, which is a measure of the vicinity to ferromagnetism (cf. section 2.2). Both parameters
are listed in table 2.2, too. The SOC supports the trend from platinum to iridium, the Stoner
enhancement does not follow this trend. But platinum and iridium form atomic chains, palladium does not. This will influence the dequenching of the orbitals in the palladium contact,
due to a higher coordination of the atoms in the contact. The third parameter which should
also be mentioned in this discussion, is the calculated magnetic moment µ of the contact
atoms. This parameter is not shown in table 2.2, since the different simulations are run with
different approaches and methods. A overview over the results of these simulations is given
in table 2.1. Additionally, the given magnetic moments differ from chain atom to apex atom
up to a factor of two and are highly dependent on the actual bond length (see section 2.3.3).
The relative abundance of negative compared to positive MC traces is linked to the SOC via
spin-mixing [Str+16]. This trend is well developed in the data. The MCRmax values reflect the
influence of the local magnetic moment on the transport. There, the SOC, which connects
the spin with the external magnetic fields and the size of the magnetic moment will play an
important role.
The hysteresis is probably dependent on the residual remanence in parts of the contact. Here,
the electrodes with the lowest MAE play the key role. One might correlate this value to the
Stoner enhancement, which is biggest in palladium. This corresponds to the fact, that a hysteresis is always present in palladium, but not always in platinum and iridium. Additionally,
one would expect, that the upper limit of the hysteresis is effected by the Stoner enhancement. However, this limit of palladium does not fit to the values of the other two metals.
Hence, it remains unclear if the hysteresis can be ascribed to the Stoner enhancement solely,
or if other properties have to taken into account.
The finite-field extremes B zext should be connected at first glimpse with the coercivity and,
therefore, with the Stoner enhancement. However, the obtained values mirror the values of
the SOC. In reduced dimensions the SOC might play a more important role. The SOC, as
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Figure 2.7: An overview over the different shapes of the MC curves of the three metals platinum, palladium, and iridium: For each metal the effect size is noted on the left side and the conductance
at B = 0 T on the right side. For platinum also the chain length in number of atoms is given and
for iridium the change in conductance ∆G is given in units of e 2 /h. In the panels of palladium
and iridium, the sweep direction of the magnetic field is indicated by arrows. For curve VI in the
palladium panel, the hysteresis is depicted.

well as all other features are strongly dependent on the exact configuration of the magnetic
moments and depend strongly on the bond length and other contact properties, which are
experimentally not available. Therefore, a conclusive explanation of these key features is not
possible.

MC R max
# neg : # pos
∆
B zext
SOC
1
2 U D(E F )

platinum
−40 % to 40 %
2:1
0 mT to 800 mT
4 T to 7 T
1.09 eV
0.57

iridium
−73 % to 24 %
3.9:1
0 mT to 550 mT
4.7 T to 6.5 T
0.94 eV
0.27

palladium
−45 % to 10 %
5:1
140 mT to 310 mT
3 T to 5 T
0.34 eV
0.775 to 0.86

Table 2.2: The key features of the MC traces for the strong paramagnets platinum, palladium, and
iridium are summarized in the upper part of the table. The values are taken from [Str+15; Str16;
Pre+19]. In the lower part the bulk properties SOC and the Stoner parameter are given. The SOC
is taken from [And70], the Stoner parameter 12 D N (E F ) is calculated from values given in [And70;
And+77]. The second value for palladium originates from [Jan77].
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Figure 2.8: Three measurements of the behavior in parallel field on a bronze substrate are shown. The
curve shown in a), reveals steep changes around 1.5 T. The staircase-like behavior is shown in b),
characteristic is the ongoing change in conductance (magenta: initial curve; blue: decreasing field;
red: increasing field; cyan: final curve). In c) two measurements in parallel field are depicted, one
before (red/blue) and one after (magenta/cyan) applying a perpendicular field.

Parallel Field
Additionally to measurements with the magnetic field applied perpendicular to the contact
and, thereby, the current direction, also measurements with the magnetic field applied parallel were performed. In the works on platinum and palladium and also in this work, the maximum experimental available field is limited to 3 T. Therefore, one is not able to fully align the
magnetic moments of the electrodes. Nonetheless, there are some remarkable results found
in field sweeps parallel to the contact (hereafter named x-sweep or B x ). For platinum and
palladium only a small number of x-sweeps have been measured, most of them show a small
variation below 1 %. The shape is mostly parabolic and shows the opposite curvature to the
corresponding z-sweep [Str+15; Str+16]. For platinum, Strigl et al. investigated the shape of
the x-sweeps as function of the magnetic history [Str+15]. They found a featureless parabolic
behavior for no or only low field applied in z-direction prior to the x-sweep, but for |B z | > 7 T,
the x-sweep shows a strong hysteresis and a sweep direction dependence.
Measurements in parallel field were also carried out for iridium. One of the presented samples has already been shown by Ritter [Rit18], who performed his master thesis in the framework of this thesis. The measurements in parallel field have been limited to |B x | ≤ 2.5 T to
avoid quenching of the superconducting magnet. The sample reported by Ritter showed an
unusual behavior with steep changes in resistance for fields below 2 T. One exemplary curve
is depicted in figure 2.8 a). Additionally, many curves show a continuing change in resistance
leading to a staircase like behavior. The exact reason for this is not clear. An example of this
behavior is depicted in figure 2.8 b). Strigl et al. reported rare cases of similar behavior in
atomic contacts of palladium in parallel field. They attribute it to particular contact config-
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Figure 2.9: Measurements in parallel field on Kapton substrate: a) The hysteretic behavior, caused by
the weak thermal coupling through the Kapton, disappeared after increasing the thermal coupling
via exchange gas. Then b) a parabolic magneto-conductance is found. c) Both measurements
in parallel field, before (red/blue) and after (magenta/cyan) applying perpendicular field, show a
parabolic behavior.

urations [Str+16]. There is only one example of a contact, which did not show the staircase
behavior and was stable enough to measure in parallel field before and after applying a perpendicular field. The two curves in the parallel field are shown in figure 2.8 c).
A second sample was measured to check for the staircase behavior. To investigate a possible
influence of the substrate material, this sample was produced on Kapton. There, a hysteretic
behavior as shown in figure 2.9 a) was found. Similar behavior was reported by Hambsch
for gold on Kapton in the same dewar. He proposed a bad thermal coupling through the
substrate as a possible cause of the hysteresis and, therefore, suggested to improve the thermal coupling via exchange gas [Ham18]. After adding a lot of exchange gas, the hysteresis
disappeared and a parabolic shape of the conductance with respect to the magnetic field was
found. One typical curve is shown in figure 2.9 b). The effect size is below 4 % for all measured
contacts. The influence of a perpendicular field on the shape was tested for this sample as
well. The corresponding curves are depicted in figure 2.9 c). For iridium no clear changes
in shape were found. This is in contrast to the findings in platinum, reported by Strigl et al.
[Str+15].

Anisotropic Magneto Conductance (AMC)
A third transport measurement type with changing the magnetic field is the anisotropic magneto-conductance. In these measurements, the absolute value of the magnetic field is kept
constant, but the angle θ between the current direction and the magnetic field is changed.
For θ = 0° the magnetic field is parallel to the current direction. The conductance may go
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up or down and has an amplitude of 4 % to 6 % for platinum [Str+15] and up to 10 % for palladium [Str+16]. The reported shape is roughly ∼ cos2 θ, but shows significant deviations.
These deviations from the perfect cos2 θ shape were also found by Bolotin et al. in permalloy
contacts. Additionally, these deviations seem to be voltage dependent [BKR06]. For atomic
contacts of nickel, Viret et al. also reported deviations from the cos2 θ-form [Vir+06]. Häfner
et al. proposed, on the bases of simulations, that these deviations are created by the reduced
dimensions of the contact [HVC09].
For iridium, Ritter [Rit18] measured the AMC on bronze substrate. There, one finds an amplitude of over 10 % with a minimum or a maximum at θ = 0°. One example of such a curve with
a minimum at 0° and an amplitude of about 10 % is shown in figure 2.10 a). For comparison
also a cos2 θ fit is displayed. The deviations from a pure cos2 θ behavior are negligible and
consist mostly in a steep increase around 1.75 G0 . Stretching an atomic contact and measuring the AMC for different elongations of the contact leads to a transition from a curve with
a minimum to a maximum at θ = 0°. This curve is shown in figure 2.10 b). The intermediate state does not show a clear cos2 θ behavior, but features a local minimum at θ = 0° and
a more pronounced minimum at θ = 90°. Hence, an influence of the stretching on the exact configuration of the atomic contacts is expected. Due to the lack of successful stretching
experiments, an interpretation is complicated. For the measurements with perpendicular
field, stretching experiments have been performed. These measurements are discussed in
section 2.3.3.
The bronze substrate of these measurements might have a small intrinsic magnetism, which
could influence the measured signal. Therefore, some control measurements on Kapton have
been carried out. The results are presented in the following.
The measurements on the Kapton substrate are significantly more challenging, since the contacts seem not to be as stable as on the bronze substrate. Hence, only a few contacts were stable enough to record an AMC over a whole circle sweep. The starting point is θ = 0°, where the
magnetic field is parallel to the constriction and, therefore, parallel to the current direction.
Then the direction of the magnetic field is changed in a continuous way. Two recorded traces
are depicted in figure 2.11. The two curves show a cos2 θ behavior with minor deviations at
the extremes at 90° and 270°. The effect size for this sample is smaller than that for iridium
on bronze. The maximum amplitude is around 3 %. An explanation for this deviation cannot
be given, but the effect size is always dependent on the exact atomic configuration and thus,
variations are expected. Given the small number of stable contacts for iridium on Kapton, it
is statistically probable that higher amplitudes were not measured.
Also a stretching experiment, as explained in section 2.3.3 and performed on bronze, was
tried. Unfortunately, mainly unstable contacts have been measured for this sample. Only
one sequence was stable over more than two stretches. This one sequence is depicted in
figure 2.12. For the four measured contacts, the conductance changes from 2.18 G0 to 1.87 G0 ,
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Figure 2.10: AMC measurements of iridium atomic contacts on bronze substrate: In a) one AMC curve
with a distinct minimum at 0° (green) is shown. This curve is fitted with a cos2 θ function (yellow).
In b) a stretching experiment on the same sample is depicted. The measurements shows a transition from a minimum at 0° to a maximum. The intermediate state looks like a superimposed curve
with minima at 0° and 90°. Reproduced from [Rit18].
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Figure 2.11: Two AMC measurements showing a ∼ cos2 θ behavior, with slight deviations, are depicted.
The effect has a size ∼ 1 % for both curves, but a different direction: The curve in a) has a maximum
at θ = 0° and the curve in b) shows a minimum at θ = 0°.
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Figure 2.12: A stretching attempt of an atomic iridium contact: The overall shape of the AMC signal does not change, only the conductance reduces from blue, over red and green to black. The
amplitude varies as well as the exact shape of the minima and maxima.

but the shape does not change. This is in contrast to the change in shape of the AMC for
iridium on bronze. Even though there is no transition from a minimum to a maximum at
θ = 0°, minor changes and deviations are present. The effect size changes only by about
0.5 %. Other measurements, which were not stable beyond the first stretch, showed an onset
of a transition similar to the one found for iridium on a bronze substrate.
One can conclude that the measurements on Kapton support the measurements on bronze,
but with smaller effect size. Nonetheless, the whole range of different shapes is recorded, as
well as a first hint for a dependence on the stretching. Thus, a solely substrate driven effect
can be excluded.

Histograms with Magnetic Field
One last approach to check the influence of the magnetic field on the conductance is measuring histograms with and without magnetic field. In figure 2.13, three histograms are shown.
Two (blue/green) without and one (red) with an applied field of 8 T. To verify that the sample
did not change, one histogram was performed before (blue) and one after (green) the measurement with field. These two histograms do not show major changes. Smaller deviations
are expectable, since the break junction technique does not allow to have a high number of
opening curves in histograms and, therefore, single events can have a notable influence. Also
there are no significant deviation between the histogram with and without magnetic field.
There are two possibilities, either the applied field is not appropriate for seeing any effect, or
the method of a statistical measurement is not sensitive to changes caused by magnetic field.
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Figure 2.13: Histograms of iridium with (red) and without (blue/green) applied magnetic field of 8 T:
The blue data was taken before and the green data after the red histogram. The number of opening
traces the histogram consists of is given in the top right corner.

2.3.3 Stretching of Atomic Contacts
As indicated earlier, the magnetic order depends, among others, on the distance between the
single atoms. For strong paramagnets this behavior was investigated by Delin and Tosatti
for 5d metals [DT03]. Their calculations showed the dependence of the magnetic moment
per atom from the bond length in infinite mono-atomic chains of osmium, platinum, and
iridium. A realistic model was calculated by Thiess et al. for platinum and iridium [TMH10].
They investigated a trimer, consisting of one central and two apex atoms, between two electrodes and calculated for both atoms the magnetic moment and the MAE upon stretching the
whole model up to 3 a 0 5 . The distances electrode – apex atom and the distance apex atom
– chain atom behave differently upon elongation of the contact. Because of the difference
in binding forces, the distance electrode – apex atom do not change significantly in contrast
to the distance apex atom – chain atom, which increases proportional to the elongation of
the contact. This leads to a different evolution of the magnetic moment and the MAE for
apex and chain atoms. The spin magnetic moment increases for both, apex atoms and chain
atoms, with stretching. More interesting is the development of the MAE. For iridium the MAE
of the apex atom undergoes a sign change around an elongation of 1 a 0 and further stretching
leads to sign change of the MAE of the chain atom for ∆L > 3 a 0 At least the first sign change
should be experimentally available. The second sign change at a stretching of more than 3 a 0
is at the edge of stable contacts. So probably it is energetically more favorable to add another
atom to the chain, than to sustain this high strain. For platinum the behavior is not so clear,
nonetheless, the MAEs undergo a sign change for ∆L < 1 a 0 as well.
These sign changes should allow to observe the change from collinear to non-collinear be5 Thiess et al. calculate the length in multiple of the Bohr radius a = 0.53 Å, which is often denoted as a.u.
0
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havior or vice versa. Strigl et al. measured MC traces at multiple positions while stretching
a platinum contact from a single atom between the electrodes to a chain with two atoms
[Str+15]. They found multiple shapes and the MCRmax as well as the hysteresis ∆ varies between each measurement. In platinum, they do not find a particular correlation between the
strain or, respectively, the bond length and the MCRmax value of the corresponding curve.
The favorable ground state of a relaxed chain of platinum is, because of the small MAE, unclear. Hence, both configurations, collinear and non-collinear, are possible for an undisturbed chain and, therefore, might develop differently during elongation.
The MAE for a relaxed chain of iridium is clearly negative. A change from collinear (negative MC) to non-collinear (positive MC) ground-state is expected for increasing stress in the
contact. The stretching of atomic chains of iridium has been measured in the course of this
work in collaboratoin with Ritter [Rit18]. One exemplary trace has already been published
in [Pre+19]. Nonetheless, the main arguments are reproduced here, and the mechanism is
explained for the opening trace depicted in figure 2.14.
Before a stretching experiment is performed, the sample is closed completely and opened
until the single-atom contact regime is entered. Then the motor is stopped and a MC trace
is recorded. Afterwards the contact is stretched repeatedly for about 0.5 a 0 and further MC
traces are recorded, while the motor is stopped. This procedure is repeated until the contact
breaks into tunneling. In figure 2.14 b) the whole opening curve is depicted. The plateaus
are separated by more or less abrupt changes in conductance. These abrupt changes are interpreted as mechanical changes in the contact/chain, i.e. a rearrangement of the contact
leading to an additional atom in the atomic chain. After such a rearrangement, the contact is assumed to be in equilibrium bond length and, therefore, in a collinear ground state.
Hence, the elongation of the contact, without major conductance changes, so called conductance plateaus, leads to a transition from collinear to non-collinear ground state of the
magnetic moments. This measurement shows four plateaus, three of which show a transition in magneto-conductance.
The most prominent transition is depicted in the green box. The initial MC trace (XIX) shows
a clear negative magneto-conductance, corresponding to a collinear ground state, because a
rearrangement happened just before. Trace XX is recorded after an elongation of 0.8 a 0 and
shows still a negative MC, hence a collinear ground state. The third trace (XXI) is recorded
after a further elongation of 0.3 a 0 . So, the total elongation of the contact is now at 1.1 a 0 .
This elongation is in the regime where Thiess et al. predicted a change in the MAE for the
apex atoms. Indeed, one finds a MC trace which shows neither negative nor positive magneto-conductance, which could be interpreted as a ground state being neither collinear nor
non-collinear. A further stretching of 0.4 a 0 leads to clear positive MC trace (XXII), which is
connected to a non-collinear ground state. For an elongation of 1.5 a 0 , which has been performed in the discussed measurement after entering the plateau, Thiess et al. calculated MAE
with different signs for apex and center atoms. Thus, we expect a non-collinear ground state,
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Figure 2.14: Stretching of an atomic contact of iridium: In a) multiple MC traces are depicted. For
each curve the effect size is given in % inside of the panel. On top of each panel the middle conductance of this panel is given in G0 . The roman numbering of the curves and the background
color corresponds to them in the opening trace, depicted in b). There the initial opening curve is
shown in red, for better distinction of the single stretches they are plotted alternating in black and
green.

as we found. This elongation is still well below the equilibrium bond length of atoms in an
atomic chains of iridium, calculated to be 4.2 a 0 to 4.5 a 0 . Nonetheless, the chain changes
rapidly in conductance after the last MC trace and does not form a stable plateau anymore.
The rearrangement of the chain after only ∼ 2 a 0 is exceptional, most other stretching experiments resulted in configurations, which did not show any rearrangement below about 4.0 a 0 .
Two of these curves are highlighted by the purple and the cyan boxes, showing an elongation of 4 a 0 and 3.5 a 0 respectively. The stability of an atomic chain decreases with increasing
chain length [Thi+08]. Hence, a possible explanation for the unexpected rearrangement after only 2 a 0 at the end of the green box is the mechanical distortion introduced by a helium
transfer, between two MC curves.

2.3.4 Kondo effect in Strong Paramagnets
The model for Kondo resonances by Calvo et al. (see also equation (2.8)) was also applied to
atomic contacts of palladium [Kel15; Str16; Str+16] and iridium [Rit18]. Here, I will briefly
describe the results on palladium, the results on iridium are described in more detail later.
Palladium exhibits a magnetic order (see section 2.3.2 and [Str+16]), which should influence
the transport characteristics. Indeed Strigl et al. found a number of contacts showing a dis-

31

C HAPTER 2 M AGNETISM IN ATOMIC C ONTACTS

tinct ZBA. By fitting the model of [CJU12] (cf. equation (2.8)), Strigl et al. found a distribution
of Kondo temperatures with two maxima. One pronounced maximum was found at about
30 K and one at higher temperatures around 160 K. The experimental restriction of Strigl et
al., prevent the measurement of a splitting in magnetic field or the expected temperature dependence. Strigl et al. compared their deduced properties with the properties reported by
Calvo et al. for the iso-electric nickel [CJU12]. This comparison supports the assumption of a
magnetic Kondo state in atomic contacts of palladium. The small Kondo temperature of 30 K
is contradicting the calculations of Romero et al. [Rom+09]. They calculate a Kondo temperature of 212 K for a contact of a single palladium atom between two pyramidal leads made
of palladium. These calculations are supported by measurements of Islam et al., who also
measured ZBAs interpreted as Kondo effect [Isl+17]. Their distribution of Kondo temperatures has a maximum at around 160 K. Islam et al. suggest local disorder, leading to two-level
fluctuations (TLF), as a possible reason for the low Kondo temperature measured by Strigl et
al. The phenomenon of TLF driven ZBAs has been reported earlier by [RB92; KSK85]. The
high Kondo temperature, reported by Islam et al., would match the second peak Strigl et al.
reported.
For atomic contacts made of iridium, Ritter also reported ZBAs [Rit18], which were fitted with
the model of Calvo et al. The analysis of 260 contacts yields a log-normal distribution, which
is expected for the Kondo temperature, with a maximum at 26+18
−9 K. The data and a fit with
a log-normal distribution are shown in figure 2.15 b). For some of these contacts, also the
dependence of the dI / dV on magnetic field and temperature was measured. Due to limitations of the setup it was only possible to see effects on contacts with low Kondo temperature.
There, the typical decrease in feature size with increasing temperature was found. Ralph and
Buhrman also found a logarithmic dependence of the conductance with temperature [RB92].
Therefore, this is no proof for magnetic impurities. Thus, one has to investigate the magnetic
field dependence of the resonance. The measurements of Ritter in magnetic field do not show
a splitting of the resonance. Most investigated contacts have a Kondo temperature of > 26 K,
which corresponds to a field of roughly 30 T for splitting. Such a large magnetic field was not
available, so it remains unclear, whether or not there is a magnetic origin of the resonances.
However, for one contact it was possible to measure a broadening of a resonance between
3.5 T and 7.5 T. The 3.5 T trace reveals a Kondo temperature of 14 K. Taking into account that
this curve might be already magnetically broadened, it is a first hint for a magnetic Kondo
resonance.
Ritter does not report any second peak in his distribution, which may have two reasons. The
first is simply the low number of analyzed contacts, the second reason are additional features
Ritter found in the dI / dV traces, which he interprets as conductance fluctuations. These additional features may superimpose with a Kondo resonance with a higher Kondo temperature
and, therefore, the detectability of these resonances is not straight forward (three examples
for superposition are given in figure 2.16 c)). To verify the absence of a second peak in the
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distribution of the Kondo temperature, the contacts measured by Ritter were analyzed again
together with additional dI / dV traces measured in the same setup for contacts on Kapton
substrates.
This second analysis of the data was focused on ZBAs which are at least 20 mV wide, to avoid
fitting small features which might result from conductance fluctuations. The distribution of
the Kondo temperatures is displayed in figure 2.15 a). One expects a log-normal distribution
of the Kondo temperature. Therefore, the data is also presented in a logarithmic scale. A fitted
normal distribution indicates a maximum at around 125+135
−65 K, which is significantly higher
+18
than the value of 26−9 K reported by Ritter. The uncertainties are given by the variance of the
normal distribution fitted to the data.
One possible explanation for this big difference of the Kondo temperatures is the interval of
fitting the dI / dV s. In the reanalyzed data all data, with a half-width below 10 mV have been
neglected. Nonetheless, many of the dI / dV curves showed an oscillatory behavior with a
small half-width. These features were often not centered around zero volt and did not merge
smoothly into the rest of the dI / dV . Additionally, measurements with slow opening of the
contact, as suggested by Islam et al., have been performed. These measurements did not
show significant differences to the distribution depicted in figure 2.15 a). But do not feature
sharp resonances, which would lead to a Kondo temperature around 26 K. Unfortunately, the
number of successful fits is low. Therefore, these data points are not shown.
The influence of a static magnetic field of 8 T on the distribution of the Kondo temperatures
was investigated as well. The number of successful fits is low, too. The distribution is depicted
in figure 2.15 a) and shows a maximum at 178+208
−96 K, which is higher than the value obtained
without any magnetic field. Nonetheless, the statistical significance of this value is low, so no
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Figure 2.16: Different Kondo like ZBAs and the corresponding fits (as dotted line) are depicted: In a)
four ZBAs which nicely blend into the rest of the dI / dV . In b) four curves where the center of the
resonance is offset, indicated by the dashed-dotted line, are shown. The upper three curves do not
blend into the rest of the dI / dV nicely. The curves in c) show superposition with smaller ZBAs,
which influences the detectability and the fitting procedure.

further discussion is performed.
Nonetheless, I want to summarize the differences between the analysis performed by Ritter and the new analysis presented here. Ritter mainly analyzed contacts with small feature
sizes: the half-width of the resonance of most of the presented curves is below 5 mV. These
curves are often superimposed with a second, broad resonance. Additionally, Ritter excluded
all contacts showing oscillatory behavior at low bias.
In the new analysis presented here, the focus was on broader resonances with a half-width
of at least 10 mV. Also resonances with small oscillatory behavior at low bias have not been
excluded, if a broad resonance was superimposed. In this case the broad resonance was fitted, as indicated in figure 2.16 c), especially the blue and the red curve. For superpositions
of two resonances, only the large one was fitted, leading to higher Kondo temperatures (cf.
black curve in figure 2.16 c)).
Hence, both analyses are valid, but result in different Kondo temperatures. For palladium
Strigl et al. found two maxima in the distribution of the Kondo temperature as well [Str+16].
One possible explanation was given by Islam et al. [Isl+17]. They attribute the lower maximum to Kondo resonances driven by two level fluctuations and the maximum with the higher
Kondo temperature to Kondo resonances based on magnetic phenomena.
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Chapter 3

Shot Noise
This chapter deals with the measurement and the channel analysis through noise measurements. This method is handy, since one does not need highly specialized samples with different materials or preparation techniques. On the other hand the experimental setup and
the suppression of unwanted noise contributions is quite challenging. Additionally, one has
to consider the effects of parasitic capacitances. This chapter is organized as follows: The
first section, section 3.1, introduces the concepts of (shot) noise and the influence of magnetism on the noise of a mesoscopic contact. In section 3.2 a short summary of the sample
preparation is given, followed by a description of the setup (section 3.3) and the data processing (section 3.4). The results are discussed in section 3.5 and a conclusion is drawn in
section 3.6.

3.1 Theoretical Background
There are different sources of electronic noise. Here, I will focus on shot noise, for a detailed
description of all different noise contributions I would like to refer to textbooks like [BS71;
Kog96; Mül90].
The transport of electrons through a conductor is described by the current I (t ). Its fluctuation
around the mean value 〈I (t )〉 is ∆I = I (t ) − 〈I (t )〉. Generally, one has to distinguish between
the time average 〈I (t )〉 and the ensemble average 〈I 〉. For all cases considered in this work
these are the same: 〈I 〉 = 〈I (t )〉.
Per definition 〈∆I 〉 = 0, so, to get information from the noise, one analyses the mean of the
square 〈∆I (t )2 〉. Normally, one is not interested in the time dependence of the shot noise,
but in the spectral noise density S( f ) which is calculated with the Fourier transform of the
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auto-correlation:
Z

S( f ) =

∞
−∞

exp(2πi f τ) 〈∆I (t + τ)∆I (τ)〉 dτ

(3.1)

A typical spectral noise density has sections with different frequency dependence. For f =
0 Hz one expects a delta peak due to the DC part of the current, followed by a 1/ f section,
which then develops into a section with constant energy per bandwidth: the white noise. At
high frequencies the noise then reduces to zero, since the total noise power may not diverge.
The reasons for the 1/ f -noise contribution are manifold [Mil02] and will not be discussed
here. The 1/ f -noise has been analyzed for atomic contacts in the article by Mu et al. [Mu+19],
which will be discussed later (see page 39). Here, I will focus on the thermal noise and the
classical shot noise.

Thermal Noise
Due to the Brownian motion of the electrons inside a resistor, a frequency independent noise
contribution, namely the thermal noise, is generated. The spectral noise density is given by
S i ( f ) = 4k B T G .

(3.2)

There k B = 1.38 × 10−23 J/K is the Boltzmann constant, T the temperature and G = 1/R the
conductance of the resistor. This relation might be deduced by an RC model or the Drude
model. For both derivations I refer the reader to textbooks like [BS71; Kog96; Mül90].

Shot Noise
A classical current is built up from many individual electrons with a discrete charge of the
size of the elementary charge e = 1.602 × 10−19 C. If the electrons have to overcome a potential
barrier, this quantization of charge will lead to an additional noise. Which was first discovered
by Schottky in vacuum tubes [Sch19]. For frequencies well below the recombination time1 τ
( f ¿ (2πτ)−1 ), the spectral noise density is proportional to the average current 〈I 〉:
S i ( f ) = 2e 〈I 〉

(3.3)

If one assumes uncorrelated electrons, the shot noise is described by the Poisson statistics
[Kog96; BB00].
1 The term recombination time describes the time one charge carrier needs to pass through the potential barriers

in devices like vacuum tube or diode.
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3.1.1 Shot Noise in Atomic Contacts

In atomic contacts on has to drop the assumption of uncorrelated electrons. There are many
different review articles [BB00; AYR03; Req+16] and even books [CS10], which summarize the
research in that field. Here I will only give a brief overview over the different subfields, which
are connected with the measurements presented in this work.
The two main arguments for correlated electrons are the Coulomb repulsion and the Pauli
principle. In atomic contacts the transport is based on quantum mechanical principles and,
therefore, the transmission and reflection probabilities are essential. On the bases of the
Landauer approach, one may calculate the spectral noise density of a mesoscopic conductor
[BB00]. Therefore, one has to evaluate the transmission and reflection for each transport
channel separately. The Landauer approach leads to
¶ N
N
X
eV X
τi2
S I (V ) = 2eV G 0 coth
τi (1 − τi ) + 4k B T G 0
2k B T i =1
i =1
µ

(3.4)

when temperature effects are included. For contacts dominated by a few channels with
τi 6= {0, 1} this noise is reduced compared to full shot noise discovered by Schottky. The first
experimental evidence of a reduction of the excess noise was presented by van den Brom and
van Ruitenbeek [BR99]. They measured the noise of atomic sized gold contacts and found a
reduction of the excess noise at multiple integers of G0 (see also figure 3.1). For gold, they
showed the existence of a minimal excess noise, which can be explained by single-channel
transport. For contacts with a higher excess noise they deduced a model with one major
channel and a second contributing channel, which carries up to 20 % of the current. The
resulting excess noise is also displayed in figure 3.1 as dashed lines.

Since a full fit to equation (3.4) is complex and only possible for up to two channels (see
below), one normally introduces the so called Fano factor
PN

F=

i =1 τi (1 − τi )
PN
i =1 τi

.

(3.5)

This Fano factor is a measure for the reduction of the shot noise compared to the full shot
noise, since for 2k B T ¿ eV , S I = 2e 〈I 〉 F [Kum+12]. For ballistic contacts with a few participating channels, one gets F ≤ 1 [CS10]. For a high number of channels involved in the current
transport, the Fano factor converges to F → 1/3 [Che+15; Lum+18].
To get experimental access to the Fano factor, one defines reduced parameters X and Y ,
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Figure 3.1: The dependence of the minimal excess noise as a function of the conductance for a single
transmitting channel is shown as full line. If one assumes one additional channel with a fixed
contribution, the broken lines can be calculated. The data points are recorded at contacts made of
gold, which follow the full line for a single channel. Taken from [BR99].

which are normalized to the thermal noise of the sample:
¶
µ
eV
eV
coth
2k B T
2k B T
S I (V ) − S I (0)
Y (V ) =
S I (0)

X (V ) =

(3.6)
(3.7)

The Fano factor is then available as Y = (X − 1) · F , which is a linear regression and therefore
simplifies the data analysis.
A full analysis of equation (3.4) may reveal the exact transmission of the different contributing channels, which is called the channel configuration {τi }. To determine an exact solution
for {τi } one needs as many independent measurable quantities as the number of channels.
Since one only has two independent quantities, the conductance G and, as a result of current
noise S I , the Fano factor F the maximum number of channels reduces to two.
For more than two channels the system of equations is underdetermined. Hence, multiple
possibilities of channel configurations are possible. To extract the most probable channel
configuration Vardimon et al. established a statistical analysis [VKT13]. Assuming a set of
transmission probabilities {τi }, which are ordered in transmission. A finite precision ∆τ in
transmission τ results in a limited number of different sets {τi }. By calculating all possible
sets {τi } and comparing F and G of these sets with the experimental obtained values including a variation of ∆F and ∆G leads to the most probable set of transmission probabilities.
This procedure gives a range for each channel transmission and it is possible to estimate the
channel configuration also for contacts with more than two channels.
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Influences to the Shot Noise
In this paragraph I want to discuss properties of the shot noise in atomic contacts, which
are present in many results in this work but not main subject of interest. Since they are not
always discussed separately at the place they are shown, I will give a quick overview and the
corresponding literature. As already mentioned at the beginning of this section many of the
effect are also covered in reviews like [BB00; CS10].
If one assumes additional current paths, which open at certain energies, this might lead to a
change in shot noise. One possible and the most prominent example for a change in transport is phonon mediated transport [CS10]. One easy way of detecting the corresponding energy is inelastic electron tunneling spectroscopy (IETS) [Ree08]. In 2012 Kumar et al. observed
a kink in the shot noise of gold atomic contacts as a function of voltage [Kum+12]. They found
a correlation between the voltage at which the kink occurred and the energies determined by
IETS. They presented a model for interpreting the change in the slope. A larger slope results
in a positive change in the Fano factor F , a smaller slope in negative change in F . They found
positive changes above 0.95 G0 and negative changes below. Similar results are reported by
Bahoosh et al. for both atomic and molecular junctions from theoretical and experimental
side [Bah+19].
Measuring the noise at higher voltages reveals additional features, attributed to interaction
with phonons, like presented by Tewari et al. for Pt-D2 -Pt junctions [TSR19]. They claim that
the phonons activate two-level fluctuators (TLF), which can be identified in the third derivative of the noise (d3 S I /dV 3 ). Tewari et al. found a peak in the third derivative of the noise,
which position they interpret as the energies of the corresponding TLF.
A recent study by Mu et al. investigates the behavior of the shot noise at high voltages up
to some hundred mV [Mu+19]. Their theoretical calculations even go to several volts. They
figured out, that due to voltage dependent transport channels, the shot noise deviates continuously from the usual linear behavior. Both positive and negative deviations seem to be
possible. Their model includes two assumptions, first a change of the transmission function
with applied voltage and second an asymmetric voltage drop over the constriction. For the
modeling, they need to fit the differential conductance dI / dV . With this fit, they are able to
reproduce the different noise data quite well, but their model only works for the case of one
dominating transport channel and a second channel with minor contribution to the transport.
Also pointed out by Mu et al. [Mu+19] and especially in the accompanying supplementary
information, there is 1/ f -noise, which rises with increasing voltage. As already pointed out,
the origin of the 1/ f -noise might be manifold [Mil02], and also Mu et al. give no explanation
for the source of the additional noise in their measurements. Nonetheless, they estimate the
influence of that noise on their measurement results. To this end, they fit the noise with an
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power function S( f ) = S c / f α with a constant S c and the exponent α. For their samples and
different voltages they find a value of α =1.5 to 1.7, which differs from the expected value
of 2 for classical 1/ f -noise2 . Unfortunately, they do not give any reason for that reduced
exponent. Their estimations lead to an effect of 10 % at a voltage of 240 mV, but this value is
highly dependent on geometry of the single contact.

Shot Noise due to Temperature Difference
Up to now, we assumed a negligible temperature difference across the constriction. Lifting
this condition, there might also be an influence on the shot noise. First investigations from
theory and experiment have been reported by Lumbroso et al. [Lum+18]. They derived a
formula for the current noise as function of the temperature difference. In this formula the
noise is proportional to the square of temperature difference:
S I (V = 0, ∆T 6= 0) ≈ 4k B T G 0

X
i

τi +

µ
¶
X
k B (∆T )2 π2 2
− G 0 τi (1 − τi ) .
9
3
T
i

(3.8)

Here T = 21 (Th + Tc ) is the average temperature and ∆T = Th − Tc the temperature difference
between the hot part (Th ) and the cold part (Tc ). This additional noise contribution can be
understood by considering the Fermi distribution on both sides of the junction as depicted
in figure 3.2. As there are occupied (unoccupied) states on the hot side, the electrons may
pass to the cold (hot) side of the junction. The transmission probabilities restrict this current
P
to the already known factor i τi (1−τi ). It is also worth mentioning some of the assumptions
[Lum+18] made. To derive equation (3.8) one has to assume that the transmission is energy
¯
¯
independent at the Fermi energy ∂τ
∂² ²F and only terms up to the second order of ∆T are
included.
To estimate the size of this contribution, one may calculate the ratio of the delta-T noise S ∆T
and the thermal noise S TN . This is possible by calculating the ratio between the two terms
of equation (3.8), where the first term is the thermal noise and the second one is the delta-T
noise:
µ
¶ µ
¶
S ∆T F ∆T 2 π2 2
=
−
.
S TN 4 T
9
3

(3.9)

For experiments in a helium cryostat the lowest possible temperature is Tc = 4.2 K. Assuming a high temperature Th = 7.8 K leads to a mean temperature of T = 6 K. This T results in
a thermal noise of S TN = 2.56 × 10−26 A2 s for a contact with G = 1 G0 . For a Fano factor of 1,
the delta-T noise is S ∆T = 9.9 × 10−28 A2 s, which is 3.9 % of the thermal noise. A more realistic
2 A classical 1/ f -noise, will have an exponent of 2, as Mu et al. uses squared noise densities, as also done in this

thesis.

40

3.1 T HEORETICAL B ACKGROUND

Figure 3.2: Schematic of a junction with a temperature difference over the constriction: Due to the
smearing of the Fermi distribution, electrons pass through the junction summing to a net current
of 0. Taken from [Lum+18].

Fano factor of 0.3 leads to a delta-T noise of 1.2 % of the thermal noise. Lumbroso et al. measured a value of about 5 × 10−27 A2 s for ∆T = 25.3 K and T = 26.3 K. Additionally, they only
show measurements for G < 1 G0 which leads also to a low thermal noise. This increases the
ratio in favor of the delta-T noise.

3.1.2 Shot Noise and Magnetism
Up to now only spin-degenerate transport through the contact has been considered. However, in magnetic materials, one has to account for the possibility of different transport probabilities for the different spin directions σ. This leads to two major changes in the considerasp
tions: The maximum contribution to the conductance per channel changes to G0 = G0 /2 =
2
e
1
h = 25.8 kΩ . The second consideration leads to the fact that one has to sum over the spin
configuration σ as well, if one wants to calculate the conductance and the Fano factor:
G0 X
τi ,σ
2 i ,σ
P
i ,σ τi ,σ (1 − τi ,σ )
F=
.
P
i ,σ τi ,σ

G=

(3.10)
(3.11)

A fully spin-polarized current through a single channel, results in a new limit for the excess
noise, located below the limit for spin-degenerate transport. The area in between these two
limits is forbidden for spin-degenerate processes, but may be occupied by partly or fully spinpolarized transport. Both limits and the additional allowed area are depicted in figure 3.3.
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Figure 3.3: The minimal Fano factor allowed for spin-degenerate and spin-polarized transport differs
for different conductances. This leads to a new area, highlighted in gray, where only spin-polarized
transport can take place. The dashed lines indicate possible spin-polarization for one contributing
channel for each spin direction. Adapted from [Bur+15].

Introducing the spin-polarization as
P=

G ↑ −G ↓
G ↑ +G ↓

(3.12)

with G ↑ the conductance of all channels with spin-up and G ↓ the conductance of all spindown channels. The polarization of the measured current can be estimated using equation (3.12). Figure 3.3 shows a few exemplary lines for polarizations assuming only two contributing channels, one for spin-up and one for spin-down electrons.
Burtzlaff et al. reported first measurements of spin-polarized transport through single atoms
[Bur+15; Bur+16]. They contacted single atoms of cobalt and iron on a Au(111) surface with a
STM tip made of gold. Measuring the shot noise in the 100 kHz-regime leads to Fano factors
which can only be explained by spin-polarization of about 40 % to 50 % (50 % to 60 %) for
cobalt (iron). This result is emphasized in their DFT calculations predicting similar Fano
factors. Further information about the measurements and the calculations also can be found
in [Bur17].
In addition to the calculations of Burtzlaff et al., Pradhan and Fransson [PF18] also study
the noise of a similar configuration. They are able to reproduce the experimental data and
claim higher Fano factors for low transmission. They also calculate the influence of magnetic
fields and temperature on the noise. For the used set of parameters one should be able to
extract additional non-linearities in the voltage dependence of the shot noise. Unfortunately,
it is hard to extract experimental parameters from the given information, since Pradhan and
Fransson normalized their values to the uniaxial and transverse anisotropies, but do not give
numbers to these parameters. Hence it is hard to estimate the probability to measure these
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non-linearities.
Spin-polarized transport is expected for atomic wires of platinum [WW11]. Motivated by
these calculations Kumar et al. tried to measure this spin-polarization by shot noise measurements [Kum+13a]. They found no clear indication for spin-polarization. Their own calculations reveal only weak polarization in the current carrying s-bands and strong polarization in
the d-bands, which are only slightly involved in the transport. Therefore, they argue, that it is
not surprising, not to measure the predicted spin-polarization.

Kondo Effect and Shot Noise
Additional to the effect of spin-polarization due to the magnetic moments, the Kondo effect
(cf. section 2.2.2) may influence the shot noise. Cocklin and Morr [CM19] addressed that
problem in a STM configuration from the theoretical side. They assumed different couplings
between the tip and impurity (t f ) and the tip and surface (t c ). With the presented model,
they are able to reproduce ¯the¯ Fano line shapes in the dI / dV curves. For a small coupling
¯ tf ¯
between tip and impurity (¯ tc ¯ << 1), leading to realistic Fano line shapes, the noise-voltage
dependence differs a lot from the dependence without a Kondo impurity. Both, dI / dV and
noise data, modeled by Cocklin and Morr are shown in figure 3.4. Similar dependence of
the noise with respect to the voltage has been found by Strohmeier in atomic contacts of
gadolinium [Str19]. Some of the curves presented there also show a bump at low voltages
and transition into linear behavior. One of these curves and the corresponding dI / dV is
presented in figure 3.4. Due to different geometry and a different material it is quite probable,
that the dI / dV and also the anomaly in the noise, in shape as well as in voltage, differs from
the calculations. Nonetheless, the calculations for t f /t c =0.01 reproduce the shape of the
anomaly in the noise quantitatively. Here one has to analyze the data of [Str19] more carefully
and also to investigate other materials before drawing conclusions.

3.2 Sample Preparation
The sample preparation for the measurement of shot noise in atomic contacts uses a well
established process. For metals, which can be evaporated, a simple lift-off process is used.
This process is well described for example in [Sch10; Kel15]. The process for the high reactive
rare-earth metal Gadolinium (Gd) is described with all hitches by Strohmeier [Str19]. For
some metals with high melting points, in this case platinum and iridium, a etch-off process
was used. This etch-off process was developed for platinum in Konstanz by [Str10] and was
adapted for iridium by [Kel15; Rit18]. A short overview over the two methods is given in the
following.
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Figure 3.4: Calculated dI / dV (a) and zero frequency noise (b) in dependence of the applied voltage
for a tunnel contact with a Kondo impurity. (c) A gadolinium contact with 6.5 kΩ shows a distinct
ZBA. (d) The corresponding noise shows a peak at 4 mV. Theory and experiment are similar in the
noise data for t f /t c = 0.01. The ZBA differs a lot in shape for that set of parameters. (a) and (b) are
taken from [CM19], (c) and (d) are adapted from [Str19].

3.2.1 General Process
First, I want to concentrate on the lift-off process. A sketch of the different steps is depicted
in figure 3.5. We are using either non-magnetic phosphor-bronze or Kapton [Fra17] as substrate. After polishing, a sacrificial layer of polyimide (PI, [Fuj19]) and the double layer resist, consisting of MMA-MAA EL11 and PMMA A4, are applied (a-c). Then the 5 cm diameter
wafers are cut into 3 mm × 18 mm chips. Each chip is exposed in a scanning electron microscope (SEM) with a dose of about 130 µC/cm2 with the desired pattern and developed in
MIBK 1:IPA 3 for 25 s, rinsed with IPA and blown-dry with N2 (d-e). Then the desired metal is
evaporated at UHV conditions. Often one aims at a thickness of 80 nm. The excess material
is removed in a lift-off process in acetone at 60 ◦C. For getting a free-standing constriction,
about 500 nm in thickness of the PI is removed in a O2 - or O2 SF6 -plasma.
The etch-off process is a bit more complicated. Here also the substrate is polished and then
coated with PI. But before applying the resist layers, the metal will be sputtered on. The sputter process was done in house (for platinum) or by a collaboration partner in Cambridge3
(m-o). After cutting the wafer into chips, the structuring is also done by e-beam lithography
with an increased dose of 160 µC/cm2 . After development, a 20 nm to 30 nm thick aluminium
3 A. Di Bernardo, Department of Materials Science and Metallurgy, Cambridge
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Figure 3.5: Different stages of the sample preparation for the lift-off process (a-h) and the etch-off
process (m-v).

mask is evaporated and the additional material is removed in acetone (p-s). Two consecutive
dry-etching steps follow: The first one structures the metal film in a SF6 plasma, the second
one is a O2 SF6 plasma for underetching the constriction. The aluminium etching mask is removed in KOH afterwards (t-v).
Now the sample is ready to be contacted. This is done by gluing a thin copper wire to each
contact pad. For electrical contact a silver conductive paint4 is used. For more mechanical
stability a two-component epoxy5 is added next to the silver paint.

3.2.2 Sample Layout

For the samples a simple break junction (BJ) design was used. This design was initially used
by Schirm [Sch10] and was slightly adapted. The constriction was designed to be 100 nm ×
100 nm. The leads are 2 mm long and end in pads with a size of 0.5 mm × 0.5 mm. This design gives enough space to contact the sample with conductive silver paint. The wires are
secured with two component epoxy next to the pads. On each chip, the design includes three
constrictions and leads with pads. These three constrictions allow for more redundancy and
speed up the contacting process if one of the constrictions is subject to contact problems. To
account for small differences in the beam current, the dose factor of the three structures on
each chip is varied by 5 %.
4 SCP - Silver Conductive Paint; Electrolube; Leicestershire LE65 1JR UK; www.electrolube.com
5 UHU Plus Sofortfest; UHU GmbH & Co. KG, D-77815 Bühl
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Figure 3.6: a) Schematic figure of the mechanics: The pushing rod is driven by a M4.5 thread and reset
by two CuBe springs on the guiding rods. b) The photograph of the mechanics includes additionally an installed sample and the thermometer at the lowest part of the sample holder.

3.3 The Cryostat
The measurements are performed in a low temperature setup equipped with a break junction
mechanics. For providing the cooling power, a bath cryostat with a superconducting magnet
up to 8 T is used6 . The breaking mechanics is installed into a variable temperature insert (VTI)
by ICEoxford 7 with a base temperature of 1.5 K. A functional drawing and a photograph of the
breaking mechanics is shown in figure 3.6. The sample is mounted on two countersupports
and is bent by a punch. The punch slides on two guiding rods and is moved by a simple
screw, which is driven by a motor outside the VTI. The reset force, to move the punch back, is
provided by CuBe springs wound around the guiding rods.
In the following the wiring and the electronic devices are discussed first, later the measurement procedure and the data storage will be covered.

3.3.1 Electrical Setup
There are two opposing requirements for the wiring: The first requirement settles on the fact,
that we are dealing with high frequency signals. High frequency in this case means signals
6 Oxford Instrument: Superconducting Magnet System
7 ICEoxford Ltd.: 4 ICEDIPPER VTI
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up to 2 MHz. At these frequencies one has to account for influences of the impedance Z =
¢
¡
1
. The second requirement is a good thermal contact with the bath to reduce the
R+ j ωL − ωC
electronic temperature of the sample. Since the influence of the impedance on the measured
spectra is more restricting, I decided to concentrate on the impedance. The inductive part
(L) is easy to avoid. However, the capacitance is limited by the geometry. Here, the ∼ 1 m long
tubing from room temperature to low temperature was the most difficult part. I decided to
use a long thin insulated copper wire, inside a PTFE sleeve. For equal spacing in the tube,
I placed Teflon spacers every 10 cm, to ensure a concentric layout. To lower the electronic
temperature, the wires have to be anchored thermally. This anchoring is done by a 10 cm
long Manganin wire, which is directly glued to a copper rod with GE varnish8 . To enhance
the cooling in this part a copper bar was screwed on top of the wire while the GE varnish was
still liquid. The overall capacitance of one line to ground is measured to be about 50 pF.

3.3.2 Measurement Electronics
In this paragraph, the electric devices of the setup are described. All devices are depicted
in figure 3.7. For mechanical control of the break junction a motor with a motor controller
from Faulhaber9 is used. The superconducting magnet is controlled via a specialized power
supply10 . Most interesting is the electronics which is used to measure the transport characteristics. The transport measurements are controlled with inserts into a NI PXIe-1073 chassis
with five possible slots. A NI PXIe-4463 card is used to source a voltage up to ±10 V. The card
is used to supply simple DC or a voltage ramp.
To ensure that a clean, noiseless signal is supplied to the sample, an active low-pass filter is
used. This device was designed for adding and filtering two lines. In this setup just one input
line is used. The original design was created by M. Herz and the device was fabricated by the
electronics workshop of the university. A circuit diagram is provided in the appendix. This
adder is powered by a battery pack to avoid any ground loops. The cutoff frequency is 16 Hz.
This value is high enough to allow the voltage sweeping necessary for the I V measurements,
but cuts off all unwanted noise and parasitic signals.
The current across the sample is converted into a voltage by the IV converter IVF10M, produced by JanasCard11 . The converter is designed to work up to 2 MHz at 106 V/A amplification and up to 450 kHz at an amplification of 107 V/A. All specifications can be found in
table A.1.
The converted current is measured by a NI PXIe-5922 card. This card serves as a low-frequency oscilloscope for measuring the current in standard IV traces or during histograms.
8 VGE-7031
9 Dr. Fritz Faulhaber GmbH & Co. KG
10 Intelligent Power Supply, Oxford Inc.
11 JanasCard, Prague, Czech Republic, info@janascard.cz
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Figure 3.7: A schematic overview of the different devices, which are used to control the setup and
measure the transport properties is shown. For a overview of the different noise sources, refer to
figure 3.9.

For measuring the noise spectra it is possible to increase the sample rate and measure multiple spectra in short time.

3.3.3 Measurement Procedure and Data Storage
In the previous sections the setup and the used devices are presented. To get information
about the spin-polarization and the channel configuration of atomic contacts it is necessary
to measure many contacts. This is done in an automated way. For controlling the measurement and saving the measured data a LabVIEW based program was developed. The concept
of a modular software was developed by Lorenz [Lor18] and his concept was adapted. In
the following sections I will concentrate first on a pre-characterization and then on the noise
measurement.
After cooling down the sample from room temperature to liquid helium, a soft electromigration [Hof17] is performed. This step reduces contamination and lattice defects. This is
followed by the initial break of the sample. If the sample closes again, a histogram is performed. Therefore, the sample is repeatedly opened and closed. Normally about 300 to 500
opening traces are recorded before the actual histogram is calculated. It provides information about the purity of the metal and also tests, if the break junction works properly. Then
one may decide, whether a sample is worth measuring or not.
After this pre-characterization, the measurement of the noise characteristics of atomic contacts starts. As already indicated this is normally done in an automated way. The routine
opens the contact until it is in a given resistance range. Then an I V curve is recorded to be
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able to calculate the resistance of the contact. Afterwards, noise spectra at different bias voltages are gathered. To avoid any problems with small offsets in the sub mV range, the voltage
span starts at small negative voltages and goes up to positive 30 mV to 40 mV. Finally, a spectrum at 0 V and another I V curve are recorded. Both serve as an indication if the contact was
stable over the measurement time.

3.4 Digital Data Processing
In this section, the processing of the measured data is described. All the processing is done in
MATLAB. The process is exemplified mainly on a 10 kΩ resistor, which also served as a noise
source for the calibration of the setup. After a quick look into the resistance calculation, we
will have a look into the modeling of the noise and how the noise contributions of the devices
play a role. Then, I will give a short survey over the two ways of analyzing the data: First, I will
show the analysis in reduced quantities (section 3.4.4) and afterwards I will briefly discuss
the estimation of the phonon energy (section 3.4.6).

3.4.1 IV Curves
As already mentioned, two I V curves are recorded for each contact. One before the actual
noise measurement and one afterwards. There are two reasons for this procedure: The first
one is, that we leave out contacts for which the two I V s and the corresponding dI / dV s are
not similar. The second reason is that one can easily extract the resistance of the sample
from these curves. The resistance is determined as the slope of a linear fit to the I V curve at
small bias. A second possibility to determine the resistance, is the mean value of the numerically calculated dI / dV . One has to consider the additional low-temperature resistance of the
setup R setup = R amp +2·R cable ≈ 110 Ω. This value has been confirmed by cooling down a zeroohm resistor instead of a sample and is subtracted to get the sample resistance R sample . Two
I V curves, one for a 10 kΩ resistor and one for an atomic gold contact are shown in figure 3.8.

3.4.2 Peak Removal
In principle, the setup has been optimized not to show any distinct peaks at single frequencies in the noise spectra. Unfortunately the setup is sensitive to disturbances from the magnet
power supply and other setups in the lab. These disturbances show up as narrow peaks in the
spectrum and influence the data analysis.
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Figure 3.8: a) I V (red/ blue) and dI / dV (orange/ light blue) curves of a 10 kΩ resistor measured to
be 10.34 kΩ at low temperature and b) of an atomic gold contact with a resistance of 17.17 kΩ are
shown. The curves before (red/ orange) and after (blue/ light blue) the noise measurement are
similar.

Therefore, all distinct peaks which protrude the surrounding signal more than about 20 % are
removed. This is done with the MATLAB routine findpeaks, which also gives the half width
at half maximum (HWHM) of the peak. All data points in an interval [−1.25, 1.25] · HWHM
centered at the peak location are excluded for the following analysis.

3.4.3 Noise Modeling
Different influences of the setup change the measured noise. To reveal the noise contribution from the sample, one has to determine the so called transfer function. To calculate the
transfer function, the different noise sources and influences from the impedance have to be
included in the modeling. All these sources and the relevant parts of the setup are displayed
in figure 3.9. The transfer function presented here has been developed in collaboration with
T. Möller and M. Strohmeier.
The different noise sources are:
Source The voltage source, in this case the home-built adder (see section 3.3.2), adds
some intrinsic noise to the system. The noise of the adder including the noise
of the source is heavily filtered by the low-pass filter in the adder. An estimation
p
(see appendix A.1.1) adds up to about 23 pV/ Hz.
Amplifier The IV converter adds two different noise contributions to the signal: The input
amp
voltage noise Wu
= 2.82 × 10−18 V2 /Hz − 6.59 × 10−25 V2 /Hz2 · f and the input
amp
. The first one is described in detail in appendix A.1.2, the
current noise Wi
second can be measured with an open input (for a spectrum see figure 3.10).
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Figure 3.9: To calculate the transfer function all different noise sources, resistances and the total capacitance of the circuit have to be known. Here all these factors are depicted and labeled. The
exact values and noise contributions are given in the text.

Wiring The wiring of the cryostat also adds some voltage noise to the system. It has been
determined to be Wuwire = 1.8 × 10−19 V2 /Hz by cooling down several resistors to
4 K and measuring their noise.
Sample The noise contribution of the sample is the contribution of interest. For an
atomic contact, it consists of a thermal and an excess noise part. To verify the
setup a simple resistor and a diode were measured. There, one expects just thermal or shot noise respectively.
All these contributions add up, but different sources have different frequency dependencies due to the impedance of the system. The relevant resistances of the system are the resistance of the sample R sample , which is meant to change and additional resistances of the
setup (R setup , R cable ), making up 110 Ω at low temperature. There are different capacitances
(C sample , C cable , C BJ , C amp ), which all collapse into a single capacitance C in terms of equivalent circuit theory. This capacitance is shown in figure 3.9 in parallel to the break junction.
Since any loops in the cabling have been avoided, the inductance should be negligible and is
not necessary for modeling the noise.
The noise density S I of the sample can be calculated from the measured signal S̃ with
¯
·
¸ ¯
amp
( f ) + Wusource + Wuwire ¯¯ Zpar ¯¯−2
amp Wu
S I = S̃ − Wi
−
·
¯Z
¯
|Ztotal |2
total

(3.13)

³
´−1
1
and the total impedance Ztotal = Zpar + R setup .
with the impedance Zpar = i ωC + Rsample
Since the capacitance changes from contact to contact, and also slightly depends on the exact geometry of the sample, it is not possible to determine the capacitance by a calibration
measurement. Therefore, we use equation (3.13) together with the spectrum at 0 V. In this
case we expect the noise to be only determined by the thermal noise S I (0) = S thermal = 4k B T R1
for all frequencies. By fitting of S̃ with the inverse of equation (3.13) it is possible to get values
for C and T . This fitting is depicted in figure 3.10 for the 10 kΩ resistor. One has to mention,
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Figure 3.10: Correction of the measured noise: a) The measured noise S̃ and the current noise conamp
of the IV converter measured with an open input. b) The partial corrected noise
tribution Wi
¡
amp ¢
∗
S̃ = S̃ − Wi
· Γ, the fit to this noise S̃ ∗ with equation (3.13) to reveal the corrected noise S,
which is the thermal noise S thermal of the sample, in this case a 10 kΩ-resistor.

that two consecutive fits are done, one at low frequencies to determine the thermal noise and
one over the full range to model C .
This correction can be applied to all spectra, recorded for one contact leading to mainly white
spectra which are offset by a small value. This value is the additional noise contribution due
to the shot noise of the contact. Exemplary corrected spectra are displayed in figure 3.11
for one gold contact. This prepared data can be processed further. The two possibilities are
described in the next two sections.
For comparison, the spectra of a diode12 are also displayed in figure 3.11. For low frequencies,
the diode show full shot noise of 2e I . At higher frequencies recombination processes appear
and the expected shot noise changes (see [BS71]).

3.4.4 Fano Factor Analysis
The corrected spectra, as shown in figure 3.11, are further processed to extract the Fano factor. There are two possibilities depending on the 1/ f -noise in the high voltage spectra. The
simple possibility is to average the noise in a certain frequency interval. The lower limit of
the interval is chosen in a way, that all low-frequency disturbances are excluded: A default
value is 100 kHz. The upper limit is normally given by the cutoff frequency of the oscilloscope, which lays at 800 kHz. This cutoff is well visible in all spectra. The averaged noise is
labeled with 〈S I 〉 (V ). This method is depicted in figure 3.12 a). The second possibility includes the fact, that the average over a spectrum will often include some 1/ f -noise, which
12 6A80G from Taiwan Semiconductors [Tai].
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Figure 3.11: a) The noise of a standard diode to verify the full shot noise 2e I : The offset of each curve
with respect to the zero voltage curve is proportional to the full shot noise 2e I . b) Spectra of an
atomic gold contact with 17.17 kΩ. Here, the offset is reduced by the Fano factor F = 0.304. For
clearance only nine spectra up to the same current as for the diode (≈ 2.3 µA) are shown.

will add an additional component, especially if the upper limit of the frequency range is, because of disturbances, not available. This will lead to an error, which increases with the bias
voltage. If one assumes only 1/ f -contributions, one may extract the constant white part of a
spectrum by fitting the spectrum. Since in this thesis squared noise units are used, the used
function is S I ( f ) = (a/ f )α + b. This ansatz is necessary, because of several frequency dependent contribution to the noise. Some fits to the noise are shown in figure 3.12 b). A similar
way is described by Mu et al. [Mu+19] in their supporting information. They find an exponent α = 1.5−1.7, which is comparable to the value found for α over all investigated materials
in this work. The white-noise part of the spectrum is then 〈S I 〉 (V ) = b 2 . Except for the gold
sample and some resistors, large 1/ f -noise contributions and/or disturbances at higher frequencies are present. Therefore, only the 1/ f -method is used in this work.
For extracting the Fano factor it is useful to use the already introduced reduced quantities X
and Y (equations (3.6) and (3.7)). With these, one can extract the Fano factor F with a linear
fit to the gathered data by using Y (V ) = (X (V ) − 1)) · F . One example of such a fit, together
with both methods for gathering the reduced noise, is shown in figure 3.12. There the fit is
done up to X = 20 for the 1/ f -data. In this interval the both methods would give a similar
result, but for other contacts the non-linear increase of Y starts at even lower voltages.

3.4.5 Limits and Uncertainties of the Noise Modeling
The noise modeling is the backbone of the data analysis. Therefore, a careful look into the
uncertainties and pitfalls follows.
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Figure 3.12: The processing of the noise data to reveal the Fano factor, exemplified for a platinum
contact. a) The classical method by averaging the spectra in a frequency interval, here marked in
gray. b) To consider the 1/ f -noise one may fit the spectra with (a/ f )α + b. Here shown for three
selected voltages. c) Comparison of the two averaging methods and the liner fit. The ∗ markers
came from the averaging, the + markers from the 1/f-fitting and the black, solid is the linear fit
with Fano factor F = 0.235.

1. Zero Bias Anomalies: Many of the investigated metals tend to show ZBAs, especially
Kondo resonances. Hence, the resistance of the sample is voltage dependent. The
shape of the dI / dV s should be included in the analysis, since Cron et al. demonstrated
the effect of the shape of the dI / dV on the shot noise [Cro+01]. Since no lock-in amplifier was used, all dI / dV traces are numerically differentiated. This leads to noisy
dI / dV curves, which cannot be used for the analysis of the measured data. To calculate the temperature, the resistance at low bias (V ≤ 10 V) was used.
2. Thermal noise vs. temperature: The thermal noise of the sample is fitted with equation (3.13). To extract the sample temperature T , one needs the resistance of the sample. T is later used to calculate the reduced quantities X and Y . Therefore, all uncertainties of the resistance will directly influence the calculated temperature, X , Y , and
the fitted Fano factor.
3. Capacity C : The increase of the spectra with frequency might be modeled by a capacitive effect inside the sample. But due to the layout of the IV-converter one does not get
the pure capacity of the setup and the sample. Thus, the extracted parameter has only
limited physical significance and is better described as a model parameter.
4. Amplifier noise: The noise (current and voltage) might be changing over time, mostly
due to temperature effects. Even though the input current noise was measured regularly, small deviations are still possible. The input voltage noise is not easy to determine, and may be affected, too. Changes of either in the range of only 5 % may lead to
a temperature error of up to 1 K.
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5. Thermal coupling: Since the sample is not immersed directly into the liquid helium,
but measured inside a vacuum chamber, which is inside the liquid helium, the exact
thermal couplings via exchange gas and metallic thermalization are important for the
resulting temperature of the BJ.
Since in this work the Fano factor analysis (see section 3.4.4) is done via the reduced quantities, the influence of the temperature uncertainties to the Fano factor have to be considered.
For low temperature and higher voltages (T < 6 K and V > 2 mV) X ≈ 2keVB T . As already written,
)−S I (0)]·R
in this work Y = [S I (V4k
. With χ = [S I (V ) − S I (0)] · R the temperature dependence of the
BT
Fano factor in first order approximation is

F=

χ
· (eV + 2k B T ) .
2

(3.14)

The relative uncertainty of the Fano factor then reads
δF
2k B δT
.
=
F
eV + 2k B T

(3.15)

If one assumes a voltage of V = 9 mV and a temperature of T = 5 K, leading to X = 10.4, as
well as δT = 1 K the effect on the Fano factor is δF
F . 2 %. Since in this work the fit goes up to
X = 15 − 20, the uncertainty δF is even less. Therefore, this uncertainty is neglected for the
Fano factor.
Nonetheless, one may calculate an uncertainty for the Fano factor on the bases of the variance of the excess noise and the range of the fit. Here, the range is the value X up to which
one is able to perform the fit. The fitting procedure gives a confidence interval for the fit parameter. The interval for 99 % is used to determine the error bars of the Fano factor. Since
often many data points are shown in the same graph, the error is given as color code: Fano
factors with a small error bar are plotted in black, the bigger the error bar gets, the whiter the
marker is displayed. As an indicator one can note that the error bar is smaller than the marker
size for the majority of the data points.

3.4.6 Phonon Energy
Due to additional transport channels or changes in the transmission of single channels, there
might be a change in the excess noise above the excitation energy of the phonon. Kumar et
al. figured out that this influence leads to a kink in the excess noise at the phonon energy
[Kum+12]. The new slope of the excess noise is either steeper or flatter than the original one,
depending on the conductance of the contact. The exact reason for the change in the slope
is still under debate [Bah+19], but up to now, one finds negative changes for G < 0.95 G0 and
positive changes above this threshold.

55

C HAPTER 3 S HOT N OISE

For the analysis, the lower part is fitted as already described by Y = (X − 1) · F . Above the first
and below a rarely occurring second kink, a linear fit is performed on the data. The phonon
energy is calculated from the intersection of the two lines. Four examples of the measurements with a kink in the excess noise are shown in figure 3.13 b). There, also the fitting of
the two parts is depicted. The dependence of the change in slope from the conductance is
visible as well: The two contacts with G < 0.95 G0 show a negative change in slope and the
two with G > 0.95 G0 show a positive change. Over all samples only a third or even a quarter
of all contacts show nice kinks, which are usable for determine of the phonon energy. Most
contacts show either no kink, exponential growth of the excess noise, or maxima in the excess
noise. Nonetheless, the usable contacts have been analyzed and the results are presented for
each material separately.

3.5 Results
In the following the results on the different materials and samples are presented. An overview
over the samples is given in table 3.1. There, the samples are sorted by the material. This
section is structured as followed: First, the reference measurements on gold and cobalt are
presented. Gold is a good reference, since it has a single channel and is well investigated.
Cobalt is a ferromagnet, which shows spin-polarized transport in STM studies on a gold surface [Bur+15; Bur+16]. Then, data on the strong paramagnets palladium and platinum are
presented. For all samples one or more histograms are recorded before the actual noise measurements are performed. This histogram is used to confirm the material and to train the
contact. This training is necessary to get reliable atomic contacts [Sab+12]. At the end a comparison between the three strong paramagnets platinum, palladium and iridium is made.
material
gold
cobalt
palladium
platinum

sample ID
Simon_Test_2
Simon_Test_3
MS3-II-13
34-III-13
34-III-16
34-I-14
34-I-15
26-I-07

electromigration

comment
test samples to check the setup
and different amplifiers

yes
yes
yes
yes

Table 3.1: Overview over the different measured samples.
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3.5.1 Gold – Reference Material
Gold is a material which is used as a model for atomic contacts. Due to the single transport
channel it is easy to understand the results of different experiments. Therefore, one can use
gold as a testbed for the setup and the data analysis. The results here originate mainly from
such test measurements.
For all presented samples the histograms show clear peaks at 1 G0 , 2 G0 , and 3 G0 as one may
identify exemplary in figure 3.13. This is a clear indication for the pure material we are using.
The absence of peaks between 0 G0 to 1 G0 indicates the fact, that we do not have residues
from the sample preparation left.
Gold is known to have a single channel transport in atomic contacts and is well characterized
in many different studies on transport in atomic contacts (see section 3.1.1). Thus, gold samples are used to check the setup. In figure 3.13 a typical distribution of the Fano factor in the
measured gold samples is depicted. There, one sees that most of the contacts nicely follow
the theory curve for a single channel as it is known from literature [BR99; Kum+12]. Additionally, one can analyze the excess noise in more detail and one can detect kinks at certain
voltages. The energy at the kink correlates with the phonon energy as already pointed out by
Kumar et al. [Kum+12]. Four examples for such kinks are shown in figure 3.13 c). Out of the
374 measured contacts only 124 show a distinct kink, which allows for further analysis. The
resulting voltages show a broad maximum in their distribution, with the maximum between
10 mV to 20 mV. This energy range is in agreement with previous shot noise measurements
[Kum+12]. Agraït et al. investigated the shift of the phonon energy while stretching an atomic
chain and found similar values via IETS [Agr+02]. It is an open question, why only a third of
the investigated contacts shows a clear kink. Two explanations are given now: First, not all
contacts show undisturbed noise up to high energies, but shows artifacts, which might superimpose the kink. Second, for other contacts the kink might not be visible, related to the
zero crossing of the change of the Fano factor between 0.9 G0 and 0.95 G0 [Bah+19]. Contacts
which are subject to one of the two features in excess noise curve may have a kink, but it is
not detectable. Thus these contacts are not recorded in the statistics.
Both, the good agreement with the theory for spin-degenerate transport and the possibility for detecting the change in the Fano factor if an additional phonon is excited, is a good
corroboration for setup and analysis.

3.5.2 Cobalt – Ferromagnetic Reference
As cobalt is a ferromagnet, it should show spin-polarized transport and is therefore a good
material to check the setup. Additionally, I am unaware of any studies, which investigated
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Figure 3.13: Conclusion of the measurements made on gold: All data shown here was recorded at the
sample MS3-II-13. Both other samples support the presented data. a) The Fano factor of gold
follows the theoretical, spin-degenerate curve for single channel transport well. The data points
above that line can be attributed to a second channel contributing to the transport. b) Some measurements of excess noise, which show a kink due to phonon excitations: X and Y are defined as
in equations (3.6) and (3.7). The numbers inside the graph give the conductance of the contact in
G0 . c) A typical histogram, showing pronounced maxima at 1 G0 , 1.9 G0 , ∼2.8 G0 , indicating clean
contacts. The other samples show similar histograms.

shot noise in atomic contacts of cobalt formed between leads of cobalt. There are measurements on single atoms on a Au(111) surface [Bur+15; Bur+16], which show spin-polarization
for contacts which G < 0.8 G0 . This value is well below the single-atom regime. In line with
Egle et al. [Egl+10] the singe atomic contact found is at 1.0 G0 for both measured samples (see
figure 3.14).
To cover a wide range of resistances, the noise measurement are carried out between 0.25 G0
(50 kΩ) and 3.25 G0 (4 kΩ). All measurements without applied field of the two samples are
presented in figure 3.15. For both samples, there are contacts which can only be explained
by some spin-polarized transport. Even though there are many contacts in the singe atom
regime, most of the contacts showing spin-polarization are in the region below 1 G0 . First the
sample 34-III-13 (a) in figure 3.15) is discussed, the differences for 34-III-16 are addressed
later.
Most of the data lies in the area of low to moderate spin-polarization up to about 50 %. This is
comparable to the data presented by Burtzlaff et al. [Bur+15; Bur+16]. But here we are able to
cover nearly the full range below 1 G0 , whereas Burtzlaff et al. only show data around 0.6 G0 .
Additionally, there are a few data points around 1.5 G0 , the single-atom contact regime, which
might show a small amount of spin-polarization. But in comparison with the sheer amount

58

3.5 R ESULTS

5000

5000

a)

b)
4000

counts

counts

4000
3000
2000
1000

3000
2000
1000

0

0
0

1

2

3

conductance (G 0)

4

5

0

1

2

3

4

5

conductance (G 0)

Figure 3.14: Conductance histograms for both cobalt samples: Only opening traces have been evaluated to calculate the histograms, which show a clear peak at ≈ 1.3 G0 . a) Histogram of sample
Co_34-I-15 and b) of sample Co_34-I-16: The last plateau which leads to the peak at 1.3 G0 is assumed to be the single-atom contact.

of data points well above the limit of spin-degenerate transport, these data points showing
spin-polarization around 1.5 G0 are negligible.
The spin-polarization of roughly 50 % is comparable with results of calculations for atomic
dimer by Häfner et al. showing a polarization of about 40 % [Häf+08] as well as results of measurements on point contacts by Soulen et al. leading to a polarization of 42(2) % [Sou+98].
However, there are differences between the two samples. For sample Co_34-III-16 the data
points are more scattered. This sample even shows contacts with spin-polarization up to
nearly 100 %. Also for the single-atom regime, there are data points which lie well in the
spin-polarized regime. But for this sample also the uncertainty of the Fano factors is higher
than expected. Especially in the spin-polarized regime there are many points with an uncertainty of 0.1 and more for the Fano factor. Up to now, there is no clear explanation for
the high scattering and the high uncertainty. But one may think of defects and contamination, which spoils the signal of this sample. Even though the samples are prepared the same
way, sample Co_34-III-16 may have suffered from additional oxidation due to slightly longer
times between preparation and measurement. On the other hand, both samples underwent
an electromigration process, which should have removed defects and contamination. But to
measure the effect of this process is nearly impossible, since every sample behaves differently
during electromigration.

Furthermore, some measurements with an applied field of 5 T and 8 T have been carried out
on sample Co_34-III-13. This leads to the data shown in figure 3.16. External constraints prevented the measurement of a higher number of contacts. As a result, there are only about 100
points recorded per field value. This reduces the statistical significance of the presented data.
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Figure 3.15: The excess noise for both cobalt samples including the uncertainty of the Fano factor
encoded in the color of the data points: The colorbar on the right matches the color with the uncertainty. In a) sample Co_34-III-13 is depicted and sample Co_34-III-16 in b). In both plots the
minimal lines for spin-degenerate and full spin-polarization are displayed in full and dash-dotted
lines, respectively. The dotted line indicates the 50 % line of spin-polarization for two channels.
The scattering of the data points is bigger for the second sample.

At a field of 5 T, there are still some points at the border to the spin-polarized area, especially
for low-conductive contacts. In addition to the tendency of more “spin-degenerate” transport, the data for 8 T shows a clear gap to the spin-polarized area. Up to now, there is no good
explanation for this behavior. A shift to higher conductances is not expected, since there is
no or only a small change in the overall conductance in a magnetic field (cf. [Egl+10] for measurement at 5 T). Burtzlaff et al. calculated the transport for cobalt ad-atoms on Au(111) in
a STM configuration. They stated, that there is only one transport channel contributing for
each spin direction [Bur+15]. One may argue, that with increasing field one adds additional
channels of one (major) spin-direction. Normally this leads to an increase of shot noise. However, one may also argue that both applied fields are well above the saturation field for cobalt.
Therefore, additional measurements with lower fields in the scale of some hundred mT would
be more conclusive.
For both samples, the phonon energy has been evaluated and the distribution of the energies
is depicted in figure 3.17. It shows a peak around 10 meV with a tail up to >30 meV. Both
samples have a yield of about 25 % in the analysis of the phonon kink. The exact numbers are
given in the upper right corner of figure 3.17. Interestingly, the distribution of Co_34-III-16
is more pronounced and less noisy, compared to sample Co_34-III-13. For the Fano factor,
the behavior is inverted and the peak is at even lower energies for Co_34-III-16. Since the
determination of the phonon energy is not the main part of this work and only a small fraction of the contacts could be evaluated, I will not concentrate too much on the exact reasons
for the results of the phonon energies. However, Haefner et al. reported at least four contributing channels for the transport in atomic contacts of cobalt [Häf+08]. Thus, the simple
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Figure 3.16: The influence of the magnetic field onto the excess noise. The data in gray is the same as
already shown in figure 3.15 b). The data in blue (red) represent the measurements at 5 T (8 T). For
clearness the uncertainty is not depicted.The excess noise seem to increase with increasing field,
but there are less than 10 % of data points for the measurements in field (each) as for 0 T.

explanation, presented for gold, will not be applicable.

The measurement of atomic contacts of cobalt demonstrates, that it is possible to measure
the spin-polarization in this setup. I was able to reproduce the data of Burtzlaff et al. and
to measure the spin-polarization even in a broader conductance range. Additionally, the
phonon energy in atomic contacts of cobalt could be determined to be around 10 meV.
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Figure 3.17: The distribution for the phonon energy, given in meV, for both samples a) Co_34-III-13
and b) Co_34-III-16 is depicted. In the upper right corner the number of contacts, for which the
evaluation of the phonon kink was possible, is given in relation to all measured contacts.
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Figure 3.18: Results of the platinum sample: In a) the histogram of 205 opening traces is shown. The
peak at 1.5 G0 is in good agreement with other publications. The excess noise is shown for 516
contacts in b). The data points accumulate at the line for spin-degenerate transport for the atomic
contact regime. The color indicates the uncertainty of the Fano factor. For contacts below 1 G0 the
points are clearly in the spin-degenerate regime.

3.5.3 Platinum
For platinum, Strohmeier reported only a few stable contacts below 1 G0 [Str19], where one
would expect to measure the effects of spin-polarization. Also the sample presented here,
shows the same problem. The results are summarized in figure 3.18. The histogram for
this electromigrated sample shows a clear peak above 1.5 G0 , as already reported by [Smi+01;
Str10; Str19]. Below this conductance a dip develops, which is an indication for a clean break
junction on the one hand, but makes it quite challenging to establish the wanted contacts
below 1 G0 .
The measurement of the Fano factor has been carried out at 585 contacts, out of which the
Fano factor could be determined for 516. Those are depicted in figure 3.18, with the uncertainty in the determination of the Fano factor encoded in the color of the corresponding data
point. It was possible to measure contacts down to about 0.5 G0 , but all points below 1 G0
are well above the line for spin-degenerate transport. Only for contacts around 1.5 G0 , the
data points accumulate at the border to spin-polarization, as already found by Kumar et al.
and Strohmeier [Kum+13a; Str19]. This result is not in agreement with the findings of Strigl et
al., who found a strong, non-monotonous magneto-conductance, which they explain with a
selective scattering of electrons, due to their spin [Str+15]. Kumar et al. performed their own
DFT calculations on atomic chains with four atoms, while varying the inter-atomic distance.
They find a model with three different kinds of channels, two of which are non-magnetic and
either full transmitting or medium transmitting. Especially the medium transmitting channels contribute to the noise. The third kind drives the magnetism, but is only low transmitting
and, therefore, does not lead to a large contribution to the noise signal. Hence, one would not
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Figure 3.19: The spectra for platinum a) and gold b) differ at higher voltages, caused by 1/ f -noise contributions to the noise. The two shown contacts also have different resistances and Fano factors,
so the noise density is for high frequencies also not comparable.

expect a measurable effect of magnetism to the noise.
The spectra for higher voltages, or more precisely higher currents, show a strong 1/ f -noise,
which depends on the exact contact. Kumar et al. also mention a slight rise at low frequencies for higher currents [Kum+13a], they measure only up to voltages which are a factor of 3
to 4 smaller than the voltages used in this work. As already written in section 3.4.4, 1/ f -noise
contribution has been canceled out by the 1/ f fitting procedure. Nonetheless, it is worth
to keep it in mind. A typical series of spectra was already shown in figure 3.12, another is
depicted in figure 3.19 together with some spectra of gold for comparison. As already mentioned, the reason for this 1/ f -noise stays unclear, but of all investigated materials, platinum
shows the biggest contribution. Kumar et al. noted defect fluctuations in the leads as one
possible reason, which might explain the high contribution in platinum. Since the samples
made from platinum are produced by sputtering, which might introduce additional defects
into the structure, this might explain the additional 1/ f -noise contribution.
The analysis of the phonon energy was successful for 148 of the 585 measured contacts. The
results show a broad distribution of energies with its maximum somewhere between 10 meV
to 25 meV. The small amount of data points makes any further analysis or discussion complicated, since it is unclear, if this is a real effect or just an effect of the small sample size.

3.5.4 Palladium
For palladium, two samples were measured. For both the results are similar, so both samples
are discussed together. A clear atomic contact between 1 G0 and 2 G0 was found regardless of
electromigration. The dip at conductances below the single-atom contact regime is deeper
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Figure 3.20: Histograms of both palladium samples, a) of sample Pd_34-I-14, which was not electromigrated and b) of Pd_34-I-15, which was electromigrated: Both show a peak between 1 G0 and
2 G0 , which is characteristic for palladium. The dip below that peak indicates a clean sample.

for the electromigrated sample. This leads to the conclusion, that the electromigration removes unwanted contamination by molecules, left over from sample production, or heals
out defects. Histograms of both samples are shown in figure 3.20 and are in agreement with
[Cso+04; Str+16], but the peak is at a bit lower conductance. The notch below 1 G0 makes it
difficult to establish stable contacts in the regime, where in cobalt (section 3.5.2) most of the
contacts with spin-polarization were found.
For both samples many contacts have been investigated with respect to the occurrence of
spin-polarization. Overall, 1269 contacts have been measured and evaluated successfully.
None of these contacts showed a Fano factor below the line for spin-degenerate transport.
But for single-atom contacts and contacts with 0.7 G0 to 1 G0 , the Fano factor seems to get
close to this line. It is not clear, if this is just an effect of many contacts for the single-atom
contact regime or an effect of one well conducting and the absence of other contributing
channels. The results for both samples are displayed separately in figure 3.21. For each data
point the confidence interval was calculated for a value of 99 % of all possible values of F .
This uncertainty of the Fano factor is encoded by the color of the data points. The lighter a
point is, the bigger is the error bar. Prominent is the scattering of the data points for Pd_34I-14 (left sample), which is not electromigrated. The reduction of the number of impurities
near the constriction by electromigration, might explain this difference in scattering. Often
impurities and imperfections in the lattice lead to two-level fluctuations which may increase
the noise, especially at higher voltages [VZ83].
The reason why Strigl et al. found strong magneto-resistive effect [Str+16], but one does not
find any indication for a spin-polarization with shot noise measurement is not clear. But my
result is in agreement with findings of Kumar et al. on platinum. In contrast to platinum,
however, there is no gap between the spin-degenerate line and the data points. This might
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Figure 3.21: The Fano factor for both palladium samples: The measurement is shown in markers,
whereas the uncertainty is depicted with different gray scales. Black for low uncertainty and nearly
white for big uncertainty. The minimal lines for spin-degenerate and fully spin-polarized transport
are shown in blue. The Fano factors scatter for the non-electromigrated sample Pd_34-I-14 a) and
accumulate around 0.25 for sample Pd_34-I-15 b) for G > 1.5 G0 .

also be a result of the more extensive measurements. A further analysis of this gap is done in
section 3.5.5.
Also for palladium, the evaluation of the phonon energy was performed and the distribution
of the results is shown in figure 3.22. But since the number of the measured and, therefore,
evaluable contacts is low, only the general trend and no exact numbers can be discussed. The
overall yield is a bit higher, than for cobalt and platinum, since about 30 % of the contacts
show a clear kink in the excess noise. The energy distribution shows a maximum around
10 meV, with a tendency to higher energies for sample Pd_34-I-14 and a bit lower energies for
sample Pd_34-I-15. This energy is comparable with the assumptions of Keller, who estimated
a possible phonon energy to be around 10 meV to 12 meV [Kel15]. For bulk palladium, the first
phonons are excited around 14 meV [DSS81]. As already mentioned, Agraït et al. figured out,
that the phonon energy lowers with additional tension in a contact [Agr+02]. Therefore, the
presented values are reasonable.

3.5.5 Comparison between strong paramagnets
Using the results of Strohmeier [Str19] for iridium, one is able to compare the results of the
three strong paramagnets platinum, palladium and iridium. All data are plotted in figure 3.23
without their uncertainty. Considering only the data points below 1 G0 , a trend in the distance
of the data points to the spin-degenerate single channel limit is visible. Some data points for
palladium lie on that line, those of platinum leave a little spacing in between, and the bulk of
the data points of iridium are clearly separated from the single channel line.
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Figure 3.23: Comparison between the three strong paramagnets: The data points of palladium lie on
the single channel line, those of platinum have only a little space and those of iridium show a clear
gap.

One can note that the same order (palladium, platinum and then iridium) is also present in
the Stoner enhancement 12 U D(E F ) for these three metals. This parameter is already noted
in table 2.2 has the value 0.775 to 0.86 for palladium, 0.57 for platinum and 0.27 for iridium.
These numbers are calculated from the parameters given in [And70; And+77; Jan77]. There
is no direct link between the Stoner enhancement and the magnitude of the shot noise. Especially the fact, that the shot noise is dominated by the number and the transmission of the
channels, which are linked to the valence of the metal, makes a direct connection impossible.
However, the Stoner enhancement as well as the shot noise are measures of the strength of
magnetic correlations and may thus hint towards a connection between these properties.
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3.6 Summary
The analysis of the shot noise leads to somewhat contradicting results. The measurements on
gold show, that it is possible to measure shot noise of a single conducting channel, leading
to a suppression of the shot noise for integer multiples of the conductance quantum G =
2e 2
h . It was also possible to detect the characteristic kinks in the excess noise at the energy
of the phonons. By fitting the data points with energy higher than the kink with a linear
dependence, it is possible to extract the phonon energy. For gold the received values agree
with older measurements and other methods [Kum+12; Agr+02]. Both results confirm, that
the used system has the required precision.
The results for cobalt show a clear indication of spin-polarization in the range below 1 G0 as
well as for single-atom contacts with a conductance of about 1.5 G0 . But both measured samples differ in the maximum size of spin-polarization. Sample Co_34-III-13 show values up to
50 %, agreeing with calculation [Häf+08] as well as findings in STM configuration [Bur+15]
and point contacts [Sou+98]. In contrast, sample Co_34-III-16 shows even higher values of
up to nearly 100 % spin-polarization. Also the results for the phonon energy differ a lot for
the two samples, here sample Co_34-III-16 shows the more defined value for the phonon
energy of about 10 mV. The results of the measurements of shot noise in magnetic fields,
showing less spin-polarization as without any applied magnetic field, are not intuitive at the
first glimpse, where one would expect a higher spin-polarization in magnetic field. One explanation is the size of the applied field, which is well above the saturation field of cobalt.
The measurements for platinum and palladium show accumulated data points at the boundary to the spin-polarized transport, but no clear data points below the line for spin-degenerate
transport. In platinum this result was already reported by Kumar et al. who had difficulties
to establish stable contacts below the single-atom regime [Kum+13a]. But for the iso-electric
palladium, it is easier to establish a broader range of stable contacts. Therefore, one also finds
data points of the single-atom contact regime, which lie on the line between spin-polarized
and -degenerate transport. But even for palladium it was not possible to find clear indication
for spin-polarized transport. One possible explanation is given in [Kum+13a]: They argue
with different contributions to the magnetism and the transport. This argumentation contrasts the findings of [Str+16], who reported a strong magnto-conductance in palladium. Up
to now it is unclear, why nearly all atomic contacts show strong non-monotonous behavior
of the conductance in magnetic fields, but the shot noise shows no spin-polarization. A comparison between the distance between the single channel line and the data points of the three
strong paramagnets platinum, palladium and iridium shows the same trend as the stoner enhancement of the three metals.
The phonon energies for platinum lie in a reasonable interval but show a broad distribution.
Therefore, one should perform further measurements to draw conclusive statements from
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the data. The results for palladium lead to energies, which are a bit smaller than the bulk
value, and are in the same range as those estimated by other methods.
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Chapter 4

Spin Polarization Investigated by
Multiple Andreev Reflection
This chapter deals with a different approach to investigate the existence of magnetic order in
atomic contacts of strong paramagnets. The idea is based on transmission dependence of the
shape of a superconducting IV curve of an atomic contact. Therefore, I will first introduce the
relevant theory of superconductivity and the so called Multiple Andreev Reflections (MAR)
in section 4.1. Since palladium, the strong paramagnet which I want to investigate, does not
show superconductivity1 , one has to use the proximity effect, to render it superconducting.
The sample preparation to achieve this goal is described in section 4.2. In section 4.3 the
cryostat, the breaking mechanics, and the electronic setup are described. The results are
presented in section 4.4 and discussed in section 4.5.

4.1 Theoretical Background
Superconductivity is a phenomenon, which was discovered by Kamerlingh Onnes in 1911.
The main features of superconductivity are vanishing electrical resistance and perfect diamagnetism below a critical temperature Tc and a critical field B c . There are two main theoretical models, which describe the phenomena. The phenomenological model by Ginzburg
and Landau explains the superconducting state via an order parameter Ψ [GL50]. The microscopic model, developed by Bardeen, Cooper and Schrieffer in 1957, called BCS theory,
is based on phonon mediated interaction between two electrons. This interaction leads to
1 Palladium has a strong electron-phonon coupling, and should therefore show superconductivity at “a reason-

able high [...] transition temperature” [BR04], but is suppressed due to spin-fluctuations, thus, no superconductivity has been measured down to 1.7 mK [Web+78]. Palladium does, however, get superconducting below 3.2 K after irradiation with He+ ions, since this introduces disorder, which prevents the spin fluctuations
[Str79].
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a pairing of two electrons with opposite momentum [BCS57]. An overview over the field of
superconductivity is given in many textbooks like [BK13; Tin04; Poo+07]. Section 4.1.1 will be
a short summary about the BCS theory, followed by an introduction to the channel analysis
with MAR in section 4.1.3 and the effects of magnetism on the transport in section 4.1.4.

4.1.1 BCS Theory

Following [Tin04] one can show, by adding two additional electrons to the Fermi sea at zero
temperature, that these two electrons with opposite momentum and spin, will form a so
called Cooper pair. For the weak coupling approximation the energy for adding the two electrons can be written as
µ
¶
−2
E ≈ 2E F − 2ħωc exp
(4.1)
N (E F )V
with a small interaction V between the electrons and a frequency scale ωc . E F is the Fermi
energy of the material and N (E F ) is the density of states at the Fermi energy. The frequency
ωc can be assigned to the Debye frequency ωD , as phonon mediate the interaction between
the electrons. The second part of this equation is the binding energy of the Cooper pair.
To split the two electrons of a Cooper pair, one has to provide the energy ∆0 at zero temperature:
µ
¶
−1
∆0 ≈ 2ħωc exp
.
(4.2)
N (E F )V
This energy is equal to the gap in the density of states. The critical temperature Tc is the point
were the gap closes. If one compares ∆0 and Tc one obtains
∆0
π
≈ 1.764
=
k B Tc e γ

(4.3)

for weak-coupling superconductors. Here γ = 0.577 is the Euler constant. In the case of nonzero temperature, the effective gap ∆ = ∆(T ) is reduced. For weak-coupling superconductors
∆ is almost constant for low T and drops sharply approaching Tc according to
∆
≈ 1.74
∆0
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To calculate the transport characteristics, one needs the quasiparticle2 density of states NS in
the superconducting state:
NS (²)
=
N (E F )

(

p |²|
2

|²| > ∆0

0

|²| < ∆0

² −∆20

.

(4.5)

Here ² = E − E F is the energy relative to the Fermi level and N (E F ) is the normal conducting density of states at the Fermi energy. The density of states is depicted schematically in
figure 4.1 for each side of the shown weak link.

4.1.2 Weakly Coupled Superconductors
In this work, we deal with weakly coupled superconductors. There are two main effects to
account for: the Josephson effect and the tunneling of quasiparticles. There are many ways
to establish a weak link. Common techniques are tunnel barriers (e.g. oxides), constrictions
and (short) normal conductors, as well as suppression of the superconductivity with normal
conductors or ferromagnets.
First, the Josephson effect is discussed briefly. This effect was predicted by Josephson in 1962
and describes the coupling between the superconducting order parameter of two superconductors over a transparent barrier [Jos62]. Since the density of states for the quasiparticles is
left unchanged, one also speaks about tunneling of Cooper pairs. Since the two wave function
may have a phase difference ∆ϕ over the barrier, the supercurrent can be calculated by
I s = I c sin ∆ϕ

(4.6)

with the critical current I c . If one applies a voltage over the weak link, ∆ϕ will change with
time and the supercurrent
I s = I c sin ω J t

(4.7)

begins to oscillate with the Josephson frequency ω J = 2eV /ħ.
For this work, the transport of quasiparticles over the weak link, with negligible Cooper pair
tunneling, is the dominant process. To understand the following, it is useful to change to the
so called semiconductor picture. There, one has a gap with no allowed states in [E F −∆, E F +∆]
for zero temperature and allowed states outside the gap according to equation (4.5) on each
side of the tunnel barrier. In the easiest case, there is no voltage applied and, therefore, no
current flows. If the voltage is sufficient (eV ≥ 2∆) to align the occupied states (below E F − ∆)
2 Quasiparticles are electrons and holes in the semiconductor picture.
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Figure 4.1: Transport between two superconductors at a voltage differences V : a) For eV ≥ 2∆ quasiparticles can tunnel from one side to the other. b) For ∆ ≥ eV ≥ 2∆ a quasiparticle is transported,
a Cooper pair formed and a second quasiparticle is transported back. Since two quasiparticles are
transported, the probability is proportional to τ2 . c) Including more quasiparticles reduces the
needed difference between the Fermi energies and the probability for the process, shown here for
three quasiparticles. The lower panels depict the simplified contributions of these processes to the
transport.

on the left side with the unoccupied states (above E F + ∆) on the right side, quasiparticles
may tunnel with the corresponding probability τ. This case is depicted in figure 4.1 a) together with a simplified I V trace for this process.
For lower voltages (eV < 2∆), there are no allowed states on the right side. But according to
Andreev, there is the possibility of transport for eV > ∆ [And64]. A first comprehensive explanation was given by Blonder et al. in 1982 for a superconducting - normal conducting contact
[BTK82]. One year later also the superconducting case was covered by Octavio et al. [Oct+83].
They assume an electron tunneling from left to right and forming a Cooper pair there, while
sending a hole back to the left superconductor. The probability for that process is lower than
for single electron transport, since two quasiparticles have transferred and a Cooper pair was
created (cf. figure 4.1 b)). So the overall probability is proportional to τ2 · |a i |2 , where τ is the
transmission probability and a i the Andreev reflection coefficient. Including further quasiparticles into the process allows transport at even lower energy differences between the two
sides of the junction. This is depicted in figure 4.1 c).

4.1.3 Channel Analysis with MAR
The energies at which the processes occur are defined by the number of transported quasiparticles. But calculating the transported current for a given voltage and transparency of
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the barrier, was only possible with the work of Blonder et al. [BTK82]. The first calculations
were made for contacts between a superconductor and a normal-conductor (SN) with variable transparencies of the barrier between the two metals. Developing a theory to connect
the somehow arbitrary transparency with the transmission of a contact in the sense of Landauer (see section 2.1) took some time. Using MCBJs and STMs creates adjustable SIS contacts, which lead to different approaches for that problem. Solutions have been presented by
Averin and Bardas [AB95], Bratus et al. [BSW95] and Cuevas et al. [CMY96] using these different approaches. Here only the latter will be discussed in detail.
The model of Cuevas et al. is based on a Hamiltonian, which describes the contact region
including the two leads. To calculate the transmission through the contact, they use nonequilibrium Keldysh Green’s function theory. In the case of two superconducting leads, one
has to use a recursive relation. It is possible to solve this recursion analytically for eV ¿ ∆
and eV > ∆. For intermediate states one has to use a numerical solution. At zero temperature
the exact current corresponding to a transmission at a given voltage can be calculated.
In figure 4.2 the blue lines show the I V curves calculated with this model for selected single channel transmissions. For a perfect transmission the I V features a supercurrent. For
contacts with a high transmission τ ≥ 0.8, a steep increase of the current for low voltage is
expected, lowering the transmission increases the voltage at which the increase in current
occurs. Furthermore, distinct features start to appear at certain voltages. At a transmission
of 0.7 and lower, the structure changes into a step-like behavior, with the steps at voltages of
2∆
V = n·e
with an integer n. Summing up the contributions of two channels results in significant deviations from a single channel with the same overall transmission. Two examples are
depicted by the dashed lines. For low voltages eV < 1/2 · ∆ it is hard to distinguish between
the major channel and a sum. But the behavior for eV > ∆ allows the distinction between the
addition and a single channel.
The accuracy in assigning the correct transmission is limited by the resolvable difference between to curves with similar transmission. This problem limits the method to a certain number of participating channels. The same holds true when broadening effects due to non-zero
temperature or otherwise disturbed BCS spectra occur.

4.1.4 Effect of Magnetic Impurities on MAR
A first theoretical approach to explain the effect of ferromagnetic materials in superconducting junctions has been published by Eschrig [Esc00]. This theory was soon generalized by
Fogelström [Fog00]. For the case of atomic contacts including ferromagnetic effects, two pioneering articles are important. Martín-Rodero et al. investigated the effects of spin-filtering
on the superconducting I V curves [MLC01] and Andersson et al. investigated the spin-mixing in such contacts [ACF02]. In the following, both articles will be discussed.
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Figure 4.2: The current, calculated with [CMY96], for different single channels with the indicated
transmissions is shown. The two dashed lines indicate the superposition of two channels with
the given transmissions. Both axis are normalized.

Martín-Rodero et al. model the contact region by semi-infinite superconducting leads connected via a idealized atomic contact [MLC01]. For a normal conducting metal between the
two superconducting leads, they obtain the results already presented in section 4.1.3. However, using magnetic materials, like cobalt, one has to account for the different transmission
probabilities for spin-up and spin-down. In [MLC01], they present the energy dependent
transmission for their idealized constriction made of cobalt leading to a ratio of approximately 0.5 : 3 for spin-up : spin-down. They used a time-dependent tight-binding Hamiltonian together with the Keldysh Green’s function formalism to calculate the I V curves and
the subgap structure. In figure 4.3 possible traces for a fully transmitting up-channel and
various transmissions for the down-channel are shown. There are two effects visible in the
presented curves: First, the step like structure has changed to a structure including peaks at
low voltages, which get more pronounced at lower transmissions of the spin-down channel
T↓ . The second effect is the energy where the key features occur. These energies are mainly
shifted to lower values. The authors give the relation
∆
²(φ) = ± p
2

q
1 + R + T cos(φ)

(4.8)

for the Andreev bound state energy. This formula includes the superconducting gap ∆, the
p
p
average transmission T = T↑ T↓ and reflection R = R ↑ R ↓ with R = 1 − T . φ is a constant
phase difference equal to 2eV τ/ħ. For the case of negligible T↓ and full T↑ the bound state
p
p
energy reduces to ²(φ) = ±∆/ 2, which leads to subgap features located at eV = ∆/( 2n)
compared to eV = 2∆/n in the non-magnetic case.
Andersson et al. follow a different idea. They connect the two leads by a small magnetic dot
with a magnetic moment ~
µ and size d ¿ χ0 , the superconducting coherence length. For their
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Figure 4.3: Some I V curves for a superconductor-ferromagnet-superconductor contact, as described
by [MLC01], for T↑ = 1 and T↓ =1.0, 0.9, 0.8, 0.7, 0.6, 0.4, 0.2 from top to bottom are shown. The
inset is a zoom to the low voltage part. Taken from [MLC01].

calculations, they use a quasiclassical theory with a Ŝ-matrix, including an additional term
¡
¢
exp i Θ2 σ̂µ . This leads to a rotation of the spin by Θ around the axis of the magnetic dot σ̂µ .
In the simplest case, they neglect any phase difference between the two leads3 . This leads to
an Andreev bound state at
µ ¶
Θ
.
(4.9)
²(Θ) = ±∆ cos
2
The energies of the current onsets are at
µ
µ ¶¶
Θ ∆
|eV |n = 1 + cos
.
2 n

(4.10)

Andersson et al. also give an example for possible transport processes as an explanation for
the different onsets. The resulting I V characteristics for Θ = π/2 are depicted in figure 4.4.
There, the current onsets are already at decreased energies. The first onset is at eV = 1.71∆.
Additionally, shallow maxima develop at the edges above the onset. These peaks get more
pronounced for bigger Θ.
Both theories are limited to zero-temperature and to simplified cases only including one effect, spin-mixing or spin-filtering. Nonetheless, the effects on the I V traces are comparable.
For both theories, the energies for the current onset shift to lower values and the step-like behavior morphs into a peak like structure, when including magnetic effects. The formation of
peaks is no intrinsic property of magnetic contacts, but also present in proximitized contacts
3 In their publication also Andreev bound states and a Josephson current for non-zero phase difference is calcu-

lated [ACF02]. In the present work it is not possible to apply any phase difference, hence, this case will not be
explained.
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Figure 4.4: I V curves for the transparencies D = 1.0, 0.8, 0.6, 0.4, 0.2, 0.1 (from top to bottom) for a
spin-mixing angle of Θ = π/2 calculated with the theory by Andersson et al. Taken from [ACF02].

Figure 4.5: The combination of spin-filtering and spin-mixing leads to complex subgap features. The
presented curves are calculated for T = 0, T↑ = 1, T↓ = 0.1 and Θ = 0, π/4, π/2 (solid, dotted and
solid gray line). Current and voltage are given in reduced units. Taken from [BB07].

(cf. [Sch+02]).
Calculations which include both aspects are more interesting, since both effects can occur.
These calculations have been performed by Bobkova et al. In a first paper the results are limited to low transparencies, which make a experimental implementation difficult [Bob06]. But
in a follow up paper, they also deal with high transparencies as well as increased temperature
[BB07]. Due to the complexity of the problem, only selected cases are presented. In figure 4.5
one combination of spin-filtering and spin-mixing from the article is presented. With increasing spin-mixing, the peaks get broadened and the current onsets shift to lower energies.
A general trend or easy description of the calculated curves is not possible anymore, but they
feature the same trend as the simplified calculations by Martín-Rodero et al. and Andersson
et al.
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4.2 Sample Preparation
The aim of the sample preparation is to produce samples in which the actual break junction,
meaning the constriction, consists of the metal of interest. However, the leads should be
made of a superconductor to make the constriction superconducting through the inverse
proximity effect. To ensure that the whole constriction and, therefore, the atomic contact is
superconducting, a small gap between the superconducting leads is required. But there must
not be a direct connection within the superconductor. To achieve this, first test structures
demonstrate a reproducible gap size of 20 nm in a metal film (in this case aluminium) on
polyimide. In principle, there are two different possibilities for the lithography. The first one
is shadow evaporation, which was already used in [Sch+01] to measure atomic gold contacts
and is described in section 4.2.1. The second method is the usage of multiple lithography
steps to arrange the different metal films in the right alignment to each other. This method
is described in section 4.2.2. The principle process for both methods is similar to the one
already described in section 3.2.1. Here, I will focus on the differences and difficulties. Both
methods have their pros and cons which are discussed in the particular sections.

4.2.1 Shadow Evaporation
The shadow evaporation was already used by Scheer et al. to measure the channel configuration of atomic gold contacts [Sch+01]. The samples are designed similar to the one described
for the noise measurements in section 3.2.1. The main difference is a gap inside the constriction. This gap is designed to be 25 nm to 40 nm wide, which is limited by the used resist.
For this resolution, I used a 950 PMMA A2 on top of a 600 nm thick MMA-MAA EL11, both
by MicroChemicals. The layout of the constriction area is shown in figure 4.6 a). To fill this
gap the sample is evaporated at different angles along the sample axis. Here, three different
angles, as indicated in figure 4.6 b), are used. The aluminium is evaporated perpendicular
to the sample surface and the palladium is evaporated in two consecutive steps with an angle of ±8° with respect to the normal. A rendered picture of a perfect structure is shown in
figure 4.6 c). A SEM picture of the sample, made of aluminium and palladium, is shown in
figure 4.6 d). Two additional samples are depicted in figure 4.17. Using this procedure one
achieves a constriction made of one metal and the leads made of another metal.
For the first samples made with this technique, I used gold and aluminium in both orders
(Au-Al and Al-Au). Due to the different heights of the metals, only the order Au-Al produces conductive samples. These samples have been used as reference samples, the results
are discussed in section 4.4.2. The sample preparation with the desired combination aluminium and palladium was more unreliable. The favorable order, first palladium and then
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Figure 4.6: a) The layout of the mask for the inner part of the constriction, including the gap with
variable width is shown. The red dashed line indicates the position of the cut in b) showing the
cross-section through the constriction area, including the angles for the shadow evaporation and
the resolved structure. c) A artistic representation of the finished constriction: The two layers of
palladium are indicated with different colors. d) A SEM picture of the produced structure of sample
29-II-10, discussed in section 4.4.3.

aluminium, was not possible, since the palladium film has intrinsic strain. This strain destroys the small resist bridge, which should form the gap between the aluminium leads. The
other layer order leads to the problem, that the thin palladium films < 25 nm did not lead to
continuous metal film over the thick aluminium step. Therefore, the thickness of the film was
increased to 40 nm. This leads to working samples, but due to the high amount of palladium
on top of the superconducting aluminium, the superconducting properties are reduced. This
behavior is described in detail in section 4.4.3. To improve these properties again, one should
decrease the amount of normal conducting metal on top of the superconductor. One possibility is a multi-step lithography, which is described in the next section.

4.2.2 Multi-Step Lithography
The second method to produce samples with different metals in different shapes is to carry
out multiple consecutive lithography steps. To this end, one performs one step, consisting of
lithography, development, evaporation and lift-off. To add another step afterwards, one has
to apply another coat of resist. In this case we used three steps of e-beam lithography. To
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achieve the desired resolution, a 950 PMMA A2 on top of a thin spun MAA-MMA EL11 was
used in the second and third step.
Similar to the shadow evaporation two different layer orders are possible. The preferred order
would be first the palladium, and the aluminium on top. This attempt was tried first and is
discussed in the next paragraph. The other order, depositing first the aluminium and then
the palladium on top, is discussed afterwards.

Multi-Step Lithography: Palladium – Aluminium
There are two reasons going for this layer order: First, the palladium does not form oxides
at room temperature, in contrast to aluminium, which forms a native oxide barrier of about
5 nm thickness. The second reason is the thickness of the metals. One expects no contact
problems if a thick metal is evaporated on top of a thin one. The other way round, one may
run into problems due to the shadowing effect of the first layer.
Because of the thin layer and moderate density of palladium, the alignment markers were
hardly visible below the resist. Therefore, another step before patterning the palladium was
introduced. This step creates the markers made of 80 nm gold on the sample. Some considerations of also making parts of the leads out of gold have been rejected after some tests, which
led to unreliable contact between gold and aluminium.
After some dose tests, it became clear, that with the standard 10 kV lithography the structures
are extremely sensitive to the dose and, therefore, unreliable. Even on the same chip with
the same dose one gets totally underexposed and totally overexposed structures side by side.
Hence, I switched to 30 kV, which makes it impossible to see the contamination dots on the
resist for focusing the electron beam. Thus, a focusing sample was produced and used to adjust the focus of the electron beam accurately.
All these improvements lead to the following three steps:
1. Markers: 80 nm gold (MAA-MMA EL11 and 950 PMMA A4; 10kV),
2. Constriction: 20 nm to 40 nm palladium (MAA-MMA EL11 and 950 PMMA A2; 10kV)
and
3. Leads: ≥ 150 nm aluminium (MAA-MMA EL11 and 950 PMMA A2; 30kV).
The thickness of the gold layer was mainly needed for the visibility of the markers, especially
at the high acceleration voltages up to 30 kV. The palladium layer should be thin to reduce
the influence of the inverse proximity effect on the superconducting properties. The resist
system should be thin for good visibility of the markers. Therefore, the copolymer and the
PMMA were spun at 5000 rpm in two consecutive steps. The aluminium, instead, should be
thick enough not to be influenced by the underlying palladium. Here thicknesses in excess
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Figure 4.7: SEM pictures of four samples produced with multi-step lithography. a) and b): Two samples with the order palladium – aluminium. The palladium is only visible as a shallow structure
below the aluminium. The gap in a) was measured at 52 nm, but the sample was not conducting.
The sample shown in b) was measured in the setup, the results are discussed in section 4.4.4. c)
and d): Samples produced with the order aluminium – palladium. The sample in c) shows damage
produced by an electric discharge, which probably happened during the second lithography step.
Parts of the aluminium are deformed and a circular part of the resist has been exposed or even
disrupted. An example for a good looking, but not conducting sample is given in d).

of 180 nm have been tried, but due to the small thickness of the copolymer problems during
lift-off appeared. Additionally, the gap between the aluminium leads vanished.

Many samples have been produced using this recipe. Two SEM pictures of well formed samples are shown in figure 4.7 a)-b). Some of them were cooled down, but all of them seemed
to have formed the atomic contacts within the aluminium. One sample, showing interesting
features leading to proximity superconductivity, is discussed in section 4.4.4. One of the main
issues with these samples is the remaining problem while focusing, even with the focusing
aid next to the sample, the structures are not reproducible due to focus problems. Therefore,
the reverse process, putting first the aluminium and then the palladium was tried. The exact
conditions are given in the next paragraph.
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Multi-Step Lithography: Aluminium – Palladium

The idea of this order has two reasons: First the separation of the aluminium leads is the
critical point in this sample preparation. If it is too large, the superconducting properties are
suppressed, if it is too small, the gap is filled with aluminium leading to an aluminium atomic
contact. The second reason is, that the exact shape of the palladium does not matter too
much, hence it is possible to increase the dose a bit resulting in a more reliable constriction.
Additionally, one can change the resist system for the last step, since only a small amount of
metal is evaporated onto the sample. Luckily this allows to replace the markers in gold by
ones made of aluminium, eliminating one lithography step. The two steps for these samples
are:

1. Aluminium: main structure and markers (175 nm; MAA-MMA EL11 and 950 PMMA A2;
10kV) and

2. Palladium: constriction (20 nm to 40 nm; MAA-MMA EL6 and 950 PMMA A2; 10kV).

These two steps allow for a faster sample preparation as well as a good focus for both steps.
But also this process has its challenges. The copolymer of the second step varies in thickness over the sample leading to lift-off problems. Probably this problem is caused by the
low viscosity of the copolymer and the small chip size. Letting the copolymer and also the
PMMA rest for 30 s before spinning, limits that problem to the edges. Another problem, that
occurred regularly during the sample preparation, is generated by electric discharges inside
the gap. This leads to a big roundish palladium disk bridging the aluminium as shown in
figure 4.7 c). Sometimes also parts of the aluminium are destroyed due to that discharge.

Beside this problem, even samples which look good in the SEM (cf. figure 4.7 d)), do not conduct. The exact reason for this problem could not be resolved so far. Either the palladium
is not continuous at the edge of the aluminium or there is a thin oxide barrier between the
aluminium and the palladium. Possible oxide barriers are the native oxide of aluminium,
residues of the resist system or an isolating alloy of aluminium and palladium. The latter is
not very likely, since literature [HO85] does not report it and test samples with big interfaces
between aluminium and palladium are not isolating. But these test samples have an overlap
area of 5 µm × 20 µm, which is much bigger than in the original samples. Therefore, the possibility of conductive pinholes in the native oxide of aluminium or in the residue resist layer
is enhanced.
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4.3 The Setup
In this section first the cooling system (section 4.3.1) and then the mechanical setup for
the breaking mechanics (section 4.3.2) are briefly described, followed by the cabling (section 4.3.3) as well as the devices used for the measurement (section 4.3.4). The last paragraph
will briefly sketch a typical measurement procedure (section 4.3.5).

4.3.1 The Cooling System
For measuring superconductivity, one needs low temperatures. To exclude thermal rounding of the features in the I V s one tries to measure below a tenth of the critical temperature
Tc of the sample. Using aluminium as a superconductor with Tc ≈ 1.2 K one wants to reach
temperatures below 100 mK. Additionally, one assumes, that the critical temperature of proximitized metals is even lower. The only way to get these low temperatures is using a dilution
refrigerator. For this experiment a commercial dilution refrigerator LD-400 by BlueFors is
used [BF13]. The working principle of dilution refrigerators is explained in many textbooks
(e.g. [Pob96]). The LD-400 uses a pulse tube for precooling the system to about 4 K and is
equipped with a superconducting magnet up to 7 T from American Magnetics, Inc. The base
temperature of the system was 7 mK without breaking mechanics and wiring. After adding
them, the base temperature was measured to be 10 mK to 12 mK. This temperature is well
below a tenth of Tc and, therefore, one expects sharp superconducting I V characteristics.
To understand the following sections better, I will introduce the main parts of the cryostat.
The 60 K and the 4 K stage are cooled by a pulse tube and provide cooling power for the magnet and the dilution system. In the Still the 3 He is evaporated from one phase. The provided
cooling power is used to condense the incoming gas (in continuous operation mainly 3 He)
and works at a temperature of 700 mK to 900 mK. Mounted to the heat exchangers below the
Still is the Cold Plate (CP). This is a good place to thermalize different parts. The CP is at a
temperature of about 200 mK. The coldest part of the system is the mixing chamber (MXC) at
the base temperature of 10 mK.

4.3.2 Breaking Mechanics
For the BF-LD400 a new breaking mechanics was developed. This mechanics is described
here. To reduce the heat load to the MXC, the driving rod has to be coupled to the different
stages of the system. For better decoupling, from room temperature to the MXC, I decided to
82

4.3 T HE S ETUP

mechanically interrupt the driving rod. Therefore, I use four gearboxes with a transmission of 3.1:1. These gearboxes are commercial ones by Faulhaber4 which were tested to run at low temperature without any lubrication. The lubricant, which was originally
in the gear, was removed with acetone prior to mounting them on
the 60 K-plate, 4 K-plate, the Still, and the MXC. The gears are connected with stainless-steel tubes with a diameter of 4 mm and a wall
thickness of 0.1 mm. At the upper end a plug is soldered into the
tube, to connect it to the gear using a bushing. To the lower end the
socket for a cog and the cog itself are soldered. This cog reaches into
the next (lower) gear.
The mechanics is driven by a DC motor5 outside the cryostat. The
movement is fed into the vacuum by a feedthrough of Pfeiffer6 . The
connection to the uppermost driving rod is implemented via a bellow 7 , which eliminates tiny misalignment due to the rubber seal at
the feedthrough.
Below the MXC, the actual breaking mechanics is installed to reach
into the center field of the superconducting magnet. This mechanics has been designed by A. Fischer and myself. It was realized by
the workshop of the university. Due to a second experiment installed in the cryostat and reaching into the magnet bore, the available space was limited to a 40 mm diameter. Therefore, we opted for
a differential screw conversion from circular to linear motion. The
linear motion drives a pushing rod made of copper, which bends Figure 4.8: 3D view of
the lower part of the
the sample. The pushing rod is guided in a bronze part using five
breaking mechanics.
sapphire balls with a diameter of 2 mm. A 3D view of the mechanics
is shown in figure 4.8.

4.3.3 Wiring and Filters
The wiring inside the cryostat has to fulfill two purposes. The first is to conduct only little
heat from room temperature (RT) to the sample. The second is to filter high frequency components of the electrical signals. The whole wiring concept inside the cryostat is depicted
in figure 4.9. For the measurement of the sample, three pairs are used. One for biasing the
4 Faulhaber Spur Gearhead Series 22/2 with ball bearing
5 Faulhaber DC-Micromotor 2232R024SR with a 97.3:1 Spur Gearhead
6 Pfeiffer Vacuum DD 016 A, rotary feedthrough, DN 16 ISO-KF
7 GMT GLOBAL INC. Full stainless steel bellows coupling with set screw; FSMB16-4-5
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vacuum feedthrough

977 Ω

977 Ω

4K thermalizer

100 Ω 100 Ω

voltage divider 1:10
(at 4K) 997Ω and 100Ω
Cu-powder
filter (350Ω / Still)
preresistors
47 kΩ each
+ current meas.
Cu-powder
filter (400Ω / CP)

Cu-powder
filter (20Ω / MXC)

Sample

Figure 4.9: Schematic of the wiring inside the cryostat: The
individual components are labeled with their resistances.
The wiring is realized in twisted pairs, for better visibility they are shown as parallel lines. From RT to the 4 Kplate simple shielded twisted pairs are used. From there to
the MXC twisted pairs inside of a capillary filled with EccoShield (see text) are used. Two additional passive components are used. One is a 1:10 voltage divider at 4 K. This
is used to reduce noise and parasitic signals as well as allowing higher voltages outside the cryostat in the bias lines.
At the Still the two 47 kΩ resistors in the bias line provide
a current bias instead of a voltage bias. One of them is
also used for the current measurement. At different temperatures copper powder filters are included to filter highfrequency noise and thermalize the wires.

sample, one for the current measurement, and one for the voltage measurement across the
sample depicted left, middle, and right in figure 4.9 respectively.

The big temperature difference between room temperature and 4 K is bridged with commercial twisted pair cabling8 . These cables are thermalized at 60 K and 4 K. At 4 K also a passive
voltage divider with a 1:10 ratio is built in to reduce noise and to allow for bigger signals
in the bias line outside the cryostat. From there on, home-built twisted pairs in stainless
steel tubes filled with EccoShield9 are used. These capillary wires provide a good attenuation
above 1 GHz [Tha+17]. For additional filtering and thermalization of the lines, copper powder filters are used at the Still, the Cold Plate, and the Mixing Chamber. Information about
the filtering properties and thermalization can be found in [Tha+17; Lor18]. The additional
π-filters, as used by Lorenz [Lor18], together with the voltage divider and the preresistors created a strong filtering effect down to 1 kHz. Since this affected the signal of the lock-in amplifier, they were exchanged by some copper powder filters with high resistivity Manganin10
wires. At the Still, two resistors with 47 kΩ are mounted into the bias line. They are used to
convert the voltage bias provided outside the cryostat into a current bias. One of them is also
used to measure the current through the sample via the voltage drop over it. To implement
the voltage to current conversion correctly, the temperature dependence of this resistor was
measured in a 4-point configuration.

8 GVL Cryoengineering: Low Temperature Coax Cable - Twisted Pair - Brass, CuNi shield
9 EccoShield ES 100 GR (ES) from Emerson & Cuming Microwave Ltd.
10 50 µm diameter, 220 Ω/m
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Figure 4.10: In this schematic all measurement devices are depicted. The cabling inside the cryostat
is shown in a simplified way. All devices are described in the text.

4.3.4 Measurement Electronics
In this paragraph the measurement electronics and how it is used is described. All devices are
depicted in figure 4.10 and will be described in the following. Some of the devices only serve
for controlling the state of the sample. These include the motor controller11 , the temperature controller12 , and the magnet power supply13 . They are connected via a serial adapter or
Ethernet to the computer.
More effort was dedicated to the electronics for measuring the signal of the sample. Here,
only the parts outside the cryostat are described. For the filtering and thermalization concept please see section 4.3.3. One can split the measurement devices into a DC part and an
AC part. The AC part is used for dI / dV measurements using a commercial lock-in amplifier14 . The DC voltage is supplied by a low-noise power source15 . This signal is filtered by
a low-pass filter to reduce the parasitic chirp noise from the supply. This noise and the filter is described in appendix A.2.2. The DC voltage and the reference signal are added in a
home-built adder described in appendix A.2.1. There, the AC voltage of the lock-in is high11 Faulhaber Motion Controller MCDC 3002 S
12 LakeShore Model 370
13 American Magnetics Inc. Model 430 Power Supply Programmer
14 Zurich Instruments HF2
15 Agilent B2962A
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pass filtered and attenuated by 20 dB. The added voltages are fed to the cryostat. The output
may be shorted, to measure the amplifier offsets, by applying 5 V to an auxiliary input.
Inside the cryostat, the voltage over the sample and the voltage over a 47 kΩ resistor are
picked up. The voltage over the resistor is used to measure the current. Both voltages are
amplified by voltage amplifiers16 . The DC part of the amplified voltages is measured with
a digital multimeter17 . The AC part is first high pass filtered18 and then fed to the lock-in
amplifier. All devices are connected via USB to the computer. The power source and the multimeters use an isolated USB interface. The lock-in connects the analog ground with the USB
ground. For decoupling these two potentials (avoiding ground loops), a ground lift19 and a
USB cable with disconnected shield is used. For the grounding scheme of the lock-in, please
refer to [Zur18, p. 621].

4.3.5 Measurement Procedure and Data Storage
The measurement procedure is built up in different stages. After cooldown to 4 K, the sample is checked regarding the metal building the atomic contact by performing one or more
histogram measurements. This step is necessary, since the first opening needs a lot of bending, which generates too much heat for the mixing system to cope with. Additionally, one
is able to separate samples which break in the palladium region, from those breaking in the
aluminium. The latter is unwanted and, therefore, these samples not investigated further.
If the sample shows a clean histogram with no peaks below 1 G0 , meaning no aluminium in
the contact, the sample is closed to below 100 Ω and the system is cooled to lower temperature. While condensing, the resistance and the temperature are monitored to extract the
critical temperature Tc . After reaching base temperature, the critical field B c is examined.
The critical current I c is often not available, since the preresistors with nearly 100 kΩ in the
cold state, and the voltage divider limit the maximum current in the system to about 10 µA.
Then the sample is opened to a tunnel contact in the 100 kΩ to 200 kΩ regime to measure the
superconducting gap ∆.
After these characterization measurements, contacts are established repeatedly in a magnetic field B > B c , by opening (and closing) the break junction. The magnetic field is necessary to exclude superconducting effects while establishing a contact. A contact is classified as
stable and good if the conductance lies in the desired range (≈ 0.2 G0 −3 G0 ) and its resistance
changes by less than 10 % while letting the system cool down. Depending on the desired action, at each contact dI / dV , magnetic field sweep, or even BIV measurements are performed.
16 Femto DLPVA with true differential input
17 Keysight DMM 34461A
18 passive RC filters with f = 82.9 Hz
c
19 Range Extender
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In the simplest case only two dI / dV traces are recorded, one with increasing and one with
decreasing bias voltage.
In the second case, the magnetic field is ramped in a saw-tooth like shape. The measurement starts at zero field, goes to −B max , B max , −B max , and back to zero field. This sequence allows to differentiate between history-dependent and asymmetric features in the traces. The
maximum field B max depends on the measurements, often B max > B c is chosen to check for
changes in the exact critical field. In rare cases B max is chosen in the order of several Tesla to
check for similarities with the findings of Strigl et al. [Str+16]. But since these features start
at 5 T and the maximum field rate is limited to 0.1 T/min the measurements take a long time.
For each magnetic sweep, dI / dV traces are collected before and after the magnetic sweep to
double check for changes.
The third possibility, the so called BIV maps, perform dI / dV measurements at certain fields,
to study the effects of the magnetic field on the contacts. This measurement scheme requires
a lot of time due to cooling times and the many collected dI / dV s. The cooling times between the dI / dV s are necessary, since the changing the magnetic field heats up the system
slightly.
All data is gathered by LabVIEW programs and saved in TDMS files. Each file contains multiple groups named for the part of the measurement, which it contains. Depending on the
measurement mode, one file contains only a single contact or many contacts. Single contacts in a file are often measurements with magnetic sweep or BIV or even both of them.
Data of multiple contacts in one file are stored if only dI / dV s are recorded for each contact.
This might be of interest, to check the influence of the exact contact parameters on the superconducting features.

4.3.6 Fitting Procedure of the Superconducting IV Curves
To extract the exact channel configuration from the measured I V curves, a special analysis
scheme was used. This paragraph is divided into two parts: First the preparation of the data
for the fitting is described and then the actual fitting to the theory will be explained.
For each contact, two I V curves have been recorded, one with increasing bias and one with
decreasing bias. To decrease the noise, the current I is binned to fixed voltage values. These
fixed voltage values are calculated by 1000 equally spaced points between −5∆ and 5∆. Then,
the current values are defined at the same sampling points on the voltage axis, so that it is
possible to derive the mean value between increasing and decreasing bias.
Then, the I V curve is checked for point-symmetry with respect to (0|0). This is important
since the hardware offsets leave a small, but finite shift in the curves. This shift influences the
fitting procedure and has to be eliminated. A residual offset in the voltage might be found
by checking the position of the peaks in the dI / dV for symmetry around 0 V. If one has not
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recorded the dI / dV , a numerical dI / dV is calculated. After removing the shift in V , the shift
in I is removed. To do so, one assumes again the symmetry around I = 0 A. The shift in I is set
to the mean value of the current between −1.5∆ and 1.5∆. Now one has an offset-corrected
I V curve. For contacts with one channel close to transmission τ = 1, this leads to wrong shifts
in some cases. So, each curve is checked for correctness and may be corrected by hand.
For each curve the conductance of the contact is determined by using a linear fit for V >
1 mV. Using a voltage well above 2∆ ensures the absence of any non-linearities caused by
superconductivity. The conductance is important as a starting point for the fitting in later
stages of the analysis and as a measure for the sum of all transmissions. All ingredients are
now available to start the actual fitting.
Prior to the fitting, one has to generate the theoretical I V curves for a single channel with a
specific transmission. This is done using a FORTRAN script written by Cuevas [CMY96]. For
the analysis, the calculations were done at zero temperature and for transmissions from 0 to
1 in steps of 0.001. The script creates a file for each transmission containing an I V curve from
0 V to 5.5∆.
The fitting is done using a Monte Carlo approach. To this end, one generates a random set
of transmissions with d3G + 3e independent channels. The sum of the transmissions is coerced to the interval [0.9G, 1.1G] for speeding up the fitting. Then, the resulting I V curve is
calculated using the previously calculated transmission files. This theory curve is compared
to the measured I V by calculating the least squares between the two curves. Then, a random
change in the transmissions is done and after coercing to the normal conducting conductance, the curves are compared again. If the difference is less then in the step before, it is
accepted, otherwise it is rejected with a probability of 1 − α. α is a small number, which allows totally new configurations. The whole fitting procedure is terminated, if the difference
between the calculated and the measured curve is small enough or 106 iterations are complete.
Since the positive and the negative branch contain the same information, each I V curve is
cut in two halves and the calculations are performed twice, one time for each branch. The
outcomes of the two calculations are compared and if, the sum of the transmission or one
transmission differ by more than 5 %, the whole process is repeated with a increased number of channels. As a last check, the calculated and the measured curves are plotted for both
branches and compared for consistency. If everything matches, one probable configuration
for the channel transmissions of that contact is found.
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4.4 Results
The results of the measurements of the superconducting samples are presented for each material separately. First, the setup was checked with the BCS superconductor aluminium (section 4.4.1) and proximitized gold (section 4.4.2). Both, aluminium and gold, lead to smaller
changes of the setup. Then the system of interest, proximitized palladium, is presented. First,
the results of the samples made by shadow evaporation (section 4.4.3) and in section 4.4.4 the
results of the samples produced with multi-step lithography are shown. An overview over all
measurements is given in table 4.1.
sample ID
Al_31-II-06
Al_23-I-11
AlAu_29-I-09
AlAu_29-I-14
PdAl_29-II-10
PdAl_29-II-13
PdAl_30-II-18

materials
Al
Al
Al, Au
Al, Au
Al,Pd
Al,Pd
Au, Al, Pd

fabrication method
shadow
shadow
shadow
shadow
multi-step litho

comment
without chirp filter

good measurement
only cooldown

Table 4.1: Overview over the different measured samples investigating the multiple Andreev reflections.

4.4.1 Aluminium
To check the filtering and thermalization concept, as well as the fitting procedure, two samples made of aluminium were measured. The first sample was measured without the chirp
filter described in appendix A.2.2 leading to rounded spectra. Therefore, this sample Al_31-II06 will not be discussed in detail. Before measuring atomic contacts, the critical field, critical
temperature, and a histogram were recorded. The results of these measurements are depicted
in figure 4.11. All measured magnetic traces are asymmetric with respect to 0 T of the power
supply. This behavior was investigated in detail and is discussed in appendix A.2.3. For all following measurements, this fact is taken into account and the magnetic field is shifted accordingly. For aluminium, one gets a peak in conductance at 0.7 G0 , which is in good agreement
with other measurements [YR97; Sch10]. The two key features to check with a closed sample
are the critical temperature Tc and the critical field B c . For both samples Tc ≈ 1.21 K. This
value is slightly higher than the bulk value Tcbulk = 1.18 K [BR04], but inside the reported span
of Tc . The transition shows a plateau at around 70 Ω. B c is not the same for the two samples.
Al_23-I-11 has B c = 10.4 mT and for Al_31-II-06 one gets only 8 mT, which is a bit lower than
the bulk B cbulk ≈ 10 mT [Eis54]. The superconducting gap was measured to be ∆ = 181 µeV,
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Figure 4.11: Overview over the pre-measurements of the aluminium samples: A histogram is depicted
in a) showing a clear peak at 0.7 G0 . The measurements of Tc b) and B c d) show a steep transition
at 1.21 K and 8 mT. The temperature measurement consists of to heating and one cooling curve
revealing a small hysteresis and an intermediate state with ≈ 70 Ω. The tunnel spectrum shown in
c) reveals a BCS like gap with coherence peaks at 2∆ = 362 µeV. Additionally, one can resolve a tiny
peak at ∆ = 181 µeV.

which is the known gap for aluminium [GM12]. All this indicates clean superconductivity, at
least for the sample Al_23-I-11, where atomic contacts were measured.
In the following, only the results of the sample Al_23-I-11 are discussed, since the other sample did not show full critical field and was measured without the filtered output of the voltage
source. Over 200 contacts were measured in the interval 0.5 G0 to 2.3 G0 and were analyzed
with the method described in section 4.3.6. The I V s of four contacts and the corresponding
channel configurations are shown in figure 4.12. These contacts are taken from the whole
conductance range and show good agreement between experiment and theory. For better
visibility, the voltage as well as the current is normalized to the gap and the conductance in
the normal-conducting regime. For single-atom contacts one normally finds three contributing channels. This is in good agreement with measurements by Scheer et al. who also found
three contributing channels for aluminium [Sch+97]. The fitting procedure becomes more
complicated for contacts above 2 G0 , since they have at least one rather high transmitting
channel, which makes the I V s rather featureless. One contact, where this is the case, is curve
(a) in figure 4.12. These contacts also reveal more than three or four contributing channels.
The contact (a) needs at least four channels to be described. All these contacts also show
non-linearities in the superconducting I V curves, which are bit broadened as a result of the
ac-excitation of the lock-in amplifier.
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Figure 4.12: The positive branch of four I V curves with different conductance showing MAR in aluminium are depicted. The symbols are the experimental data and the lines are the best fits to the
experiment, using the theory of Cuevas et al. [CMY96]. The corresponding transmissions of channels are: ä: 0.22, 0.20, 0.03; ◦: 0.68, 0.30, 0.19, 0.02; O: 0.78, 0.09, 0.07, 0.06; ¦: 0.99, 0.44, 0.27,
0.05.

The results demonstrate that both, the experimental setup, as well as the fitting procedure,
are usable to determine the exact channel configuration of atomic contacts. Thus, a next step
is to measure proximitized junctions made of a normal metal without any magnetic moment
in the constriction. One standard metal, which is already well understood, is gold.

4.4.2 Proximity Superconductivity: Aluminium and Gold
Since the proximity effect will have a influence on the superconducting parameters, B c , Tc
and ∆, it is worth checking the setup with a normal metal without any magnetic moment in
the constriction. This also serves as a reference, that the obtained results for the proximitized
palladium are not only a result of the proximity effect. The metal of choice is gold, which is
well understood and reveals a single conducting channel [Sch+01]. Two samples produced
by shadow evaporation have been measured. The thicknesses are 130 nm aluminium and
2 × 10 nm gold and 125 nm aluminium and 2 × 12 nm gold, respectively. The results are discussed in two separate sections, since the superconducting properties differ a bit for the two
samples.

AlAu_29-I-09
An overview over the properties of the first proximity sample (AlAu_29-I-09) is shown in figure 4.13. The histogram shows a clear peak at 1 G0 with a smaller peak at 0.7 G0 , which often
arises from disordered contacts. The second maximum is around 1.9 G0 , a common value
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Figure 4.13: Overview over the properties of sample AlAu_29-I-09: The histogram is shown in a), and
has a first maximum at 1 G0 . One tunnel contact is shown in c) and has a gap of 153 µeV. Both
the critical temperature b) and the critical field d) reveal multiple transitions at different values.
These transitions might refer to different parts of the sample, like the constriction or the leads. The
details are described in the text.

for gold. This histogram is built up from opening traces. In the corresponding histogram of
the closing traces the peak at 0.7 G0 is missing. These histograms have been recorded at 4 K.
So one may conclude, that the sample forms the atomic contacts inside the gold. One has
clear suppression of the superconducting properties like the critical temperature Tc and the
critical field B c . These two show multiple steps and continuous transitions. The lowest one
at 0.56 K and 6.06 mT, respectively. These values are both well below the bulk values for aluminium, which is an indication for proximity superconductivity. The gap has been measured
with a tunneling contact and is determined to be ∆ = 153 µeV. Also that value is below the
bulk value of aluminium. But the coherence peaks are a factor of 7.5 higher than the conductance far outside the gap, which one can interpret as an indication for well formed proximity
superconductivity.
Due to the already mentioned chirp noise (appendix A.2.2), the spectra are rounded, which
makes the fitting challenging. Nonetheless, four contacts and the corresponding fits are
shown in figure 4.14 a). The deviation between the theory and experiment remains clearly
visible, especially for the low voltage regime. After adding the filter, the features got more
pronounced and the fits agree better with the experimental data. Three curves with similar
conductances as without the filter are shown in figure 4.14 b). The remaining broadening is
caused by the proximity effect. Both, measurements with and without the filter, show mainly
one to two partially open channels. This is a known feature of the monovalent metal gold
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Figure 4.14: Different contacts of the sample AlAu_29-I-09 without a) and with b) the chirp noise filter:
The traces without the filter show rounded features, which are prominent for the 0.94 G0 (black
triangular) and the 0.56 G0 (red square) traces. Traces with similar conductances are sharper with
the filter. The transmissions for the curves with filter are ◦: 0.12, 0.04, 0; ä: 0.47, 0.17, 0; O: 0.72,
0.18, 0.

[Sch+01].
The software for the I V curves applied a voltage bias with the same voltage span for each
contact. This leads, caused by the the preresistors, to a difference in voltage drop over the
sample and, therefore, the number of data points per traces varies. Since the number of usable points is low for tunnel-like contacts, the software was changed after that sample to keep
the number of data points per I V curve constant.

AlAu_29-I-14
This sample was cooled down to the base temperature before breaking it. Thus, the resistance of the sample in the non-broken, normal-conducting state is only ≈ 5 Ω. The results of
the measurements for determine the critical temperature and field are shown in figure 4.15.
Tc reveal a broad transition range of 1.02 K to 1.12 K. This range is caused by the fact, that
Tc was measured while condensing the mixture. The condensing is done in a pulsed way, so
that the temperature is oscillating rather quickly, which leads to a hysteresis between cooling
down and heating up. The critical field B c shows two transitions, one continuous transition
in the region 8.74 mT to 9.76 mT and a step at 6.88 mT. These two fields correspond to two
different parts of the sample, most probably the leads and the constriction. Both measurements show a residual resistance of 2 Ω, which comes from the copper wires for contacting
the sample.
The first histogram, depicted in blue in figure 4.15, shows a maximum at 0.6 G0 to 0.9 G0 ,
which is might be caused by a aluminium contact or a disordered gold contact. The second
maximum lies at 2 G0 , which is clear hint for gold. A consecutive histogram, depicted in red,
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Figure 4.15: Overview over the properties of sample AlAu_29-I-14: In a) two histograms with a first
peak at 0.6 G0 to 0.9 G0 (blue) or 1 G0 (red) and a second peak around 2 G0 are shown. The blue
histogram was recorded first, the red one after several opening traces. A tunnel contact revealing
∆ = 172.5 µeV is shown in c). The critical temperature and the critical field were measured on the
unbroken sample and show a residual resistance of 2 Ω. Tc was gathered while condensing b). Due
to the pulsed gas input, the temperature went across Tc multiple times. The measurement of B c is
shown in d) and includes two transitions.

shows peaks at 1 G0 and 2 G0 , which are clear indications for the atomic contact forming inside the gold. The value for the superconducting gap ∆ = 172.5 µeV, which is only slightly
below the value of break junction made of aluminium (see section 4.4.1).
All four pre-characterizations point to gold atomic contacts, which are well coupled to the
aluminium and, therefore, show good proximity superconductivity.

About 70 contacts of this sample have been measured and analyzed. An overview of four contacts is shown in figure 4.16 including the best fits. For most of the contacts, the best fits show
at least two contributing channels. One channel has a high transmission, the second one has
lower transmission, mostly a factor of three to four lower. If the conductance of a contact
exceeds about 1.3 G0 to 1.4 G0 , one needs at least three contributing channels. One of these
channels has a high transmission above 0.95, corresponding to one nearly perfect transmission. The second and the third channel have a lower transmission, but are still separated by a
factor of two or more from each other. This justifies the assumption of one main contributing
channel with a second minor channel. Additionally, one finds one nearly perfect transmitting
channel for contacts above 1 G0 .
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Figure 4.16: Four contacts of sample AlAu_29-I-14: The symbols are the experimental data and the
black lines are the corresponding fits. The transmissions are: ◦: 0.39, 0.22, 0, ä: 0.64, 0.14, 0, O:
0.79, 0.19, 0 and ♦: 0.99, 0.38, 0.18, 0.05.

Comparison with Theory

Both samples show similar results, which differ remarkably from the reported proximity MAR
in gold [Sch+01]. For both samples, one finds at least two channels, which contrasts the perfect transmission expected for the monovalent metal gold. Theoretical calculations predicted
mainly one channel [BSJ97], which was also reported by Scheer et al. But they also reported
the possibility of two or more channels for atomic contacts with G < G0 . They assume an
imperfection in the contact geometry, which only arises for non-trained samples. A training
of the atomic contact was not possible for them. Also in this work, it is hard to perform many
opening cycles. Sabater et al. reported a high probability to obtain same opening curves, if
the contact gets only closed to 5 G0 [Sab+12]. To avoid this behavior, the break junction was
closed far beyond 5 G0 , which might have introduced disorder, which lead to gold contacts
below 1 G0 .
A second difference to the results of Scheer et al. is, that both samples in this work show BCS
like structures and do not have the peaks in the spectra, which Scheer et al. saw and assigned
to the proximity effect [Sch+01]. One possible explanation for the absence of this peak might
be a smaller length between the superconducting leads. The values for this work are in the
range of 20 nm to 30 nm (cf. section 4.2.1 and figure 4.17) and the separation in the samples
of Scheer et al. is up to 60 nm [Sch+01; Sch+02]. A second explanation might be related to the
position of the first peak in the histograms, which is lower than expected for well trained gold
and more in the range of aluminium. This can be a hint, that the constriction is frequently at
the interface between aluminium and gold. This would lead to an asymmetric S-c-N-S contact rather than a S-N-c-N-S contact20 .
20 S: superconductor, N: normal conductor, c: constriction
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Figure 4.17: SEM micrographs of the two measured proximity samples with aluminium and gold: In a)
AlAu_29-I-09 reveals a gap between the aluminium of 35 nm, for sample AlAu_29-I-14 b) this length
is not measurable, since the sample got destroyed after measurement, leaving two separated tips.

Nonetheless, one also gets sharp spectra in the proximity system, which are clearly explainable with the theory of multiple Andreev reflections. This is a good starting point to search
for spin-polarized transport in atomic contacts of palladium and the effect of magnetic moments on multiple Andreev reflections.

4.4.3 Aluminium – Palladium: Shadow Evaporation
Since the measurements of shadow evaporated gold on aluminium were straightforward, the
first attempt was to use this method for palladium as well. The difficulties in sample preparation of this system are presented in section 4.2.1. Here, the results of the only working sample
PdAl_29-II-10 are presented.
The thicknesses of the films are 150 nm aluminium and two consecutive layers of 30 nm palladium each. Therefore, the overall thickness of the palladium is about 60 nm. After the
cooldown to 4 K, the sample was broken and a histogram was recorded to check, if a palladium contact is formed. After confirmation of a good palladium contact, as shown in figure 4.18, the junction is closed again and the cryostat is cooled down to base temperature.
While cooling down the critical temperature was recorded. After reaching the base temperature, the critical field and the gap were measured: The critical field in the unbroken state, for
the gap first a tunnel contact with R = 173 kΩ was established. All three measurements are
shown in figure 4.18.
Both, the critical temperature and the critical field, show two transitions. One continuous
from 35 Ω to 20 Ω and one steep, almost step-like, from 20 Ω to 0 Ω. This leads to the conclusion that there are two parts of the sample, which differ in geometry. Most likely this is the
junction itself and the leads including the triangular shaped parts of the sample. The tunnel
contact shows rounded coherence peaks at 2∆ = 68 µeV. But the dI / dV does not vanish com-
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Figure 4.18: For pre-characterizing the aluminium – palladium sample, different measurements were
done. The histogram a) shows a clear peak for palladium and no signal around 0.8 G0 , which would
be characteristic for aluminium. The measurements for the critical temperature b) and field d)
show values of about 0.34 K and 2.7 mT. The inset in b) shows no further step in the resistance at
higher temperatures. The gap of 34 meV is measured with an I V curve at 173 kΩ c).

pletely in the gap. This might be an effect of the strong inverse proximity effect, which also
reduces Tc and B c .
After these pre-characterizations, about 50 contacts with different resistances were measured.
For 15 of them, the dependence of the conductance from the magnetic field was investigated
to check for similarities with [Str+16]. Also, the behavior of the critical field was analyzed.
Typical magnetic field dependencies are shown in figure 4.19 b). These measurements are
comparable to the curves found by Strigl et al., but have a smaller effect size. Since the superconducting magnet only allows for a rate of 0.1 T/min, the available field range is at the
limit to detect the first finite field extremum around 5 T. Nonetheless, an agreement with the
published curves is present.
The critical field B c might also change with the contact resistance, since the aspect ratio of
the smallest part of the sample changes. The results of the measurements are shown in figure 4.19 a). There, the direct resistance R = U /I , measured at U ≈ ∆ = 34 µeV, is depicted.
Depending on the resistance of the contact, a reduction or an enhancement of the resistance
below B c is found. This depends on the shape of the I V curve of the contact. For a tunnellike I V curve, one expects an increase in resistance, whereas for an I V curve with some well
transmitting channels, one expects a reduction in resistance. Additionally, the size of the effect also depends on the applied bias, thus, on the voltage drop over the sample. The critical
field was measured at 3.3 mT for all contacts. This value corresponds to the field, at which a
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Figure 4.19: The dependence of the resistance on two different field scales. To check the dependence
of the critical field B c from the resistance some contacts are displayed in a) up to 5 mT. Depending
on the resistance on gets a reduction or a enhancement of the resistance below B c . The critical
field is around 3.3 mT indicated by the black dashed line. The dotted line at 2.7 mT indicates the
critical field of the unbroken sample. In b) three contacts are shown in the field range to ±5 T to
check the similarity with curves from [Str+16].

first reduction in resistance for the closed sample is present. The different transitions in the
Tc and B c curves might be caused by different demagnetization factors due to the changes in
the cross-sections. A second explanation is a change in the strength of the (inverse) proximity
effect for different parts of the sample. Therefore, one can conclude, that the leads already
transition at 2.7 mT and the constriction may stand a field of 3.3 mT before turning normal
conducting.
Most interesting are I V curves, since they include information about the exact channel configuration (cf. section 4.1.3) or even about the presence of spin-polarization (cf. section 4.1.4).
Normally, the I V curves are displayed in reduced units for comparison, here the traces are
displayed in non-reduced units, since the superconducting gap ∆ is not the same for all contacts. An overview over the different I V curves is given in figure 4.20 a). These curves already
show the challenge of the measurement principle. The gap measured with the dI / dV of a
tunnel contact is 34 µeV. For a contact with a magnetic dot or constriction theory predicts
the non-linearities to be shifted to even lower energies (cf. section 4.1.4). Thus one reaches
the energy resolution of the setup, which makes it impossible to recognize the shape of the
features in the I V curves. For an estimation of the energy scale, the numerical dI / dV is calculated and plotted in figure 4.20 b).
For all four presented curves in figure 4.20 one can clearly see, that all the non-linearities
in the I V s are below 2∆. Except for the blue curve, they also lie below ∆. All curves show
oscillations above 50 µeV with varying amplitude. The most probable reason for these oscillations is the small signal combined with a numerical dI / dV . Nonetheless, one may observe
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Figure 4.20: a) Exemplary IV curves for sample PdAl_29-II-10 are shown. The current is normalized to
the conductance. b) shows I V s and numerical dI / dV s for selected contacts of sample PdAl_29-II10. For comparison, the measured gap of 34 µeV is displayed with black dashed line.

non-linearities at energies below ∆. For the two contacts with higher resistance, there is a reduction in the dI / dV , for the other two it is an increase. All four curves show a maximum at
V = 0 V, which one might interpret as a signature for a supercurrent. Together with the nonlinearities, one can conclude that superconductivity is also present in atomic contacts of this
sample. The reduction of the energy of the features in the I V curves, compared to the gap
energy measured by a tunnel spectrum, is a hint for magnetic properties of these contacts (cf.
section 4.1.4). Unfortunately, the features are extremely shallow, so that it is not possible to
draw any further conclusions on the exact size or shape.
However, we do see an effect of the magnetic order, which makes it interesting to analyze that
system in more detail. To increase the energy resolution, the sample preparation was modified from shadow evaporation to a multi-step lithography. The outcome of the samples from
that fabrication process are discussed in the next section.

4.4.4 Aluminium – Palladium: Multi-Step Lithography
As already stated in section 4.2.2, the sample preparation using multi-step lithography was
not successful, since all samples show an indication of aluminium in the histogram. Nonetheless, the sample PdAl_30-II-18 was measured, since the histogram shows a peak around 0.8 G0 ,
as it is characteristic for aluminium, but there is no pronounced minimum around 1.2 G0 (cf.
figure 4.21 a)). Since this could be an indication for a contact including palladium, the sam-
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Figure 4.21: Overview over the pre-measurements of sample PdAl_30-II-18: a) The histogram of 50
opening traces shows a broad plateau at 0.8 G0 to 2.5 G0 . This plateau is not common for aluminium or palladium. b) The temperature dependence of the resistance while condensing shows
multiple curves due to the fast cycles. The most probable transition temperature is around 1.14 K.
c) The tunnel curve of a contact with 269 kΩ reveals a gap of 176 µeV. d) Measurement of the critical
field: The transition takes place at 8.39 mT.

ple was measured in more detail. Before investigating atomic contacts, the superconducting
properties were measured. The corresponding plots are shown in figure 4.21. The key features are Tc = 1.14 K, B c = 8.39 mT and ∆ = 176 µeV. Both, Tc and B c , are reduced compared
to the properties of bulk aluminium. Also the gap ∆ is slightly reduced. All three properties
might be hints for proximity superconductivity or at least a reduction of the superconductivity due to the inverse proximity effect.
To judge the zone of contact in more detail, one also can have a look at the SEM pictures
taken before and after measurement. Both are shown in figure 4.22. The picture taken before
cooldown (and before underetching) shows a tiny separation between the two aluminium
leads. The broad first peak in the histogram and the only slightly reduced superconducting
parameters, together with the SEM picture, lead to the conclusion, that most probably the
atomic contacts formed between aluminium and palladium. Taking the picture after measurement into account as well, the conclusion is not so clear anymore. Here, it is hard to
distinguish if there is still a separation between the aluminium leads or not.
Even though it was not clear, if the sample breaks in aluminium or in palladium, atomic contacts have been measured. For the 200 measured contacts no significant changes compared
to pure aluminium in the non-linearities in the I V curves have been recorded (cf. figure 4.23),
but the number of participating channels differs from the findings in pure aluminium. For
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Figure 4.22: SEM pictures of the sample PdAl_30-II-18 before (left) and after (right) measurement: The
picture before the measurement shows a tiny gap in the aluminium. This gap is not visible anymore after the measurement, caused by contamination or local modification of the constriction,
due to energy deposition during measurement or inspection in the SEM.

contacts with a conductance of about < 0.85 G0 , one gets three contributing channels, with
one dominating the conductance and two additional minor ones (see figure 4.23 a)). In the
regime of 0.85 G0 to 1.0 G0 , the number of contributing channels reduces to only two. Mostly
one dominating channel with τ > 0.9 and one minor channel (see figure 4.23 b)). Above
1.1 G0 , the three-channel behavior appears again. With increasing conductance also the
number of channels increases with at least four channels for contacts with 1.6 G0 and for
contacts with a conductance above 2 G0 , one needs at least five channels to describe the I V
curves. But the fitting procedure is not reliable for such high conductance (cf. section 4.4.1).
Often only the minimal number of channels can be determined by fitting with a increasing
number of channels, and resolving the number at which the fit converges first. Contacts having a conductance of more than 1.6 G0 and needing at least five channels to be described are
depicted in figure 4.23 c).
The behavior for contacts around 1 G0 and the need of four channels for contacts with 1.6 G0
to 2.0 G0 indicate a difference in the contact in comparison with pure aluminium samples,
but non of the contacts showed a reduction of the energy for the non-linearities as it was
measured in the shadow evaporated sample (cf. section 4.4.3). This leaves the discussion
open for the exact configuration of the constriction. Most probable contact formation is at
the interface between aluminium and palladium.
The development of the I V curves in magnetic fields, can reveal more information about the
exact configuration of the constriction [Sch+02]. The measurements of two contacts are depicted in figure 4.24. For zero applied field, the quasiparticle onset is at the measured gap of
2∆ = 325 µeV and the multiple Andreev reflections are clearly distinguishable, but the quasiparticle onsets start to round quickly with increasing field (green curves). Also the position
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Figure 4.23: Three groups of contacts with different conductance:
a) Contacts with G < 0.9 G0 show three channels as known from aluminium. The transmissions are
O: 0.73, 0.14, 0.02; O: 0.59, 0.10, 0.08; O: 0.44, 0.14, 0.08 and O: 0.23, 0.20, 0.11.
b) Three contacts around 1 G0 show only two contributing channels: ◦: 0.95 and 0.06; ◦: 0.93 and
0.10 and ◦: 0.96 and 0.10.
c) Four contacts above 1.6 G0 show at least four contributing channels: ä: 0.93, 0.62, 0.56, 0.31,
0.30, 0.29, 0.10, 0.08; ä: 0.78, 0.46, 0.46, 0.25, 0.20; ä: 0.97, 0.47, 0.28, 0.15, 0.04 and ä: 0.67, 0.32,
0.30, 0.24, 0.21.

of the current onsets decreases with increasing field. If one concentrates on the quasiparticle onset, one finds a sudden decrease of the voltage to roughly 125 µeV at a field of about
8 mT. Finally, the I V curve gets linear for B > 9.6 mT. When decreasing the magnetic field
again, the field and the voltage, where the first non-linearities occur, are not always the same
as with increasing field. A similar, but somehow more reproducible behavior, has been reported by Scheer et al. in the system aluminium-gold-aluminium [Sch+02]. Their findings
and explanation are discussed in the next paragraph, followed by a detailed description of
the measurements of this sample.
Scheer et al. investigated the proximity system aluminium-gold-aluminium with the constriction located inside the gold. They also examined the evolution of the I V curves with
magnetic fields and found similar behavior of the quasiparticle onset as reported here. First, I
will briefly introduce their model and then summarize their findings. They assume a proximity system with the constriction asymmetric with respect to the superconducting aluminium.
A sketch of their model is depicted in figure 4.25 a). In proximity superconductivity, the response to an external field is not like in standard superconductors, but they feature a socalled breakdown field. For low temperatures, the transition becomes first order, like for Type
1 superconductors. So one can have the effects of supercooling and superheating, with the
corresponding field scales B sc ≈ Φ0 /λ2N and B sh ≈ Φ0 /ξ(L N )2 . With the London penetration
depth λN and ξ(L N ) the effective coherence length for a proximitized normal conductor with
length L N . Since one has two different sized normal conductors, one can expect to have
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corresponding dI / dV traces are shown. For clarity the dI / dV s are only shown for V > 25 µV. The
blue curves show a shallow peak around 125 µV corresponding roughly to the minigap E g .
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Figure 4.25: a) Model of an asymmetric proximity constriction, with different proximity length
L N 1 /L N 2 is depicted. b) One possible evolution of the quasiparticle onset with in-/decreasing field:
The possible states of each side of the constriction are indicated in the picture. Reproduced from
[Sch+02].

also two fields for supercooling and superheating. One possible measure of the state of the
sides of the constriction is the position or better voltage of the quasiparticle onset. For a contact between two superconductors (“SS”) one expects the quasiparticle onset at an energy of
2E g 21 , for an “SN” contact, between on superconducting and a normal conducting side, one
expects it to be at E g , for two normal conductors (“NN”) there are no quasiparticle onsets.
One possible scheme of the progress of the quasiparticle onset is depicted in figure 4.25 b).
In their experiment Scheer et al. were able to localize all four fields (B sh1 , B sh2 , B sc1 , B sc2 ). In
their sample the two superheating fields are close together, but there is a distinct difference
of about 0.5 mT between the two supercooling fields. So they measure an open loop in the E g
21 To distinguish between pure and proximity superconductivity, literature talks about the gap ∆ for pure super-

conducting systems and the minigap E g for proximity superconductivity.
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over B diagram for contacts from the tunneling up to 1.7 G0 . Their second finding concerns
the subgap structure, which vanishes at moderate fields.

For the sample PdAl_30-II-18, which is discussed here, one does not find one clear master
curve in the E g vs. B diagram. Instead, there are about five to six different shapes. These
shapes are discussed now and are depicted in figure 4.26.
1. No difference between superheating and supercooling, leading to B sh1 = B sc1 ≈ 9.6 mT
and B sh2 = B sc2 ≈ 7.4 mT (cf. figure 4.26 a), 5 contacts)
2. Loop in the upper field, B sh2 = B sc2 = 7.4 mT but B sh1 = 9.6 mT > B sc1 = 9.0 mT (cf.
figure 4.26 b), 3 contacts)
3. The fields for superheating and cooling are the same and comparable to item 1, but the
voltages for the “SN” case are not the same for increasing and decreasing field: E ginc >
E gdec (cf. figure 4.26 c), 2 contacts)
4. Same as item 3, but with E ginc < E gdec (cf. figure 4.26 d), 2 contacts)
5. These two curves reveal small differences for both field pairs: B sh1 > B sc1 and B sh2 <
B sc1 (cf. figure 4.26 e), 2 contacts)
The effects of item 3 to 5 are not very pronounced and hard to distinguish from case 1.
Nonetheless, one finds a clear intermediate state in all contacts, which probably corresponds
to the “SN” state Scheer et al. introduced. This “SN” state is mostly located at a field between
7.4 mT and 9.6 mT. Slight deviations might be interpreted as an effect of different degrees of
disorder, since disorder has an effect on both, the penetration depth λN and the effective coherence length ξ(L N ) [Sch+02]. This changed disorder might arise from opening curves performed in between the measurements to establish a fresh contact. No correlation between
the shape and the conductance of the contacts is present.

4.5 Discussion
As already discussed throughout this chapter, the measurement of superconducting atomic
contacts made of palladium is not easy. Here two different approaches have been introduced.
The samples made with shadow evaporation showed a strong reduction of the superconductivity due to the inverse proximity effect. Even though one is able to recognize a further reduction of the voltages of the non-linearities, an exact study of the reduction and the resulting
I V curves is not possible. The main reason is the limited resolution in energy. A better energy resolution is either possible with an advanced amplifier chain, as used by Lorenz and
Sprenger [Lor18; LSS18; Spr20], or one uses so called cryogenic amplifiers. These amplifiers
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Figure 4.26: Different measurements of the position of the quasiparticle onset: The panels correspond
to the different cases discussed in the text. The curves are shifted for clarity. The black data points
were recorded with increasing magnetic fields and red data points with decreasing magnetic field.
The loops in panels c)-e) are small and, therefore, hard to detect. It is not possible to correlate the
cases with the conductance of the contacts. The difference between the contacts are only a fresh
established contacts.

have two advantages: First, they are closer to the sample and so the pick-up of noise is reduced, second the electronics themselves is at low-temperature, e.g. 60 K, and, therefore, the
noise contribution of the amplifier is reduced.
A second approach to increase the visibility of the features is to try to enhance the signal
itself. This was tried using multi-step lithography to reduce the amount of palladium and,
therefore, the expected inverse proximity effect. The sample preparation of these samples is
quite challenging (cf. section 4.2), hence it was not possible to create a sample showing only
palladium in the histogram, e.g. having only a peak at 1.6 G0 and no peak at 0.8 G0 . But one
sample revealed a broad plateau between 0.8 G0 and 2.2 G0 . Further investigation revealed
an unexpected behavior at 1 G0 with only two contributing channels. Also the dependence of
the I V s in magnetic fields indicates an atomic contact forming at the interface between alu-
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minium and palladium. Thus, one would expect the formation of a magnetic moment. But
no evidence was found for the presence of a magnetic moment. Therefore, also the question
for the presence of any spin-polarization in atomic contacts of strong paramagnets remains
unanswered.
There are additional steps, one can think about to improve the sample preparation for both
presented ways. The shadow evaporation suffers from the need to evaporate the palladium
last, since the tensions during the evaporation rips off the tiny resist bridge, which forms the
separation in the aluminium. To overcome this problem, one might use a metal mask during
evaporation, which should withstand the tension. This would offer the possibility of shadow
evaporation with palladium as a first metal, which would allow to use a thinner layer of palladium and, hence, reduce the influence of the inverse proximity effect.
But also the two-step lithography might benefit from two modifications: In the last version
of the sample preparation, most of the samples died from a local discharge over the small
separation between the aluminium leads. One might try to protect the aluminium leads by
designing a metal shortcut between the two leads. After finishing the sample preparation one
can break the shortcut by FIB or simple scratching, depending on the size of the shortcut. Another possibility is the use of a conductive resist, like Electra 92 [All16], instead or additional
to the PMMA. Such a layer should prevent the sample from local accumulation of charge on
one side of the separation in the aluminium.
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Conclusion
In this thesis, the properties of atomic contacts of strong paramagnets have been investigated. Strong paramagnets are metals which feature a high Stoner enhancement. Thus, a
change in the density of states leads to an emergence of a magnetic order. This local magnetic
order is a good testbed to investigate the effects of magnetism on the atomic scale. There
are different approaches to examine this magnetic order: Transport measurement with and
without magnetic fields, shot noise measurements, and measurements with superconducting leads. All three approaches have been used in this thesis.
The magneto-transport measurements have been performed on iridium. The magneto-conductance (MC) and anisotropic magneto-conductance (AMC) measurements showed similar
results as the already published metals palladium and platinum. The key features are a big,
non-monotonous magneto-conductance in magnetic fields perpendicular to the contact direction. Additionally, these curves feature a hysteresis around zero field. Both, the MC and
the AMC curves, show a rich variety of shapes, which depends on the exact configuration of
the atomic contact. For the two most frequent shapes of the MC a model could be applied
and proven during the elongation of an atomic contact. Such elongation leads to a transition
from collinear to non-collinear alignment of the magnetic moments in the contact, as proposed by theory.
The dI / dV curves show two kinds of zero-bias anomalies (ZBA). A Kondo-resonance-like
behavior and an oscillatory behavior known from conductance fluctuations. The continuous
transition between these two results in two possible Kondo temperatures: 26 K and 125 K. For
palladium, similar values have been published. The lower value was proposed to arise from
two-level fluctuations due to fast openings of the contact. Control measurement for iridium
with low opening speed show indeed only resonances with the higher Kondo temperature of
125 K.
For the two other approaches, the corresponding setups have been equipped and characterized. The characterization measurement of the shot noise setup showed single channel, spin-
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degenerate transport for gold and spin-polarized transport for the bulk ferromagnet cobalt.
Measurements on the strong paramagnets platinum, palladium, and iridium do not show
clear signs of spin-polarization. But all three metals show an accumulation of data points at
the border to the spin-polarized regime. These findings are in contrast to simulations, but
in line with older measurements on platinum. One possible explanation is the separation of
the transport and the magnetic order in different orbitals. Thus, the conduction electrons
interact only little with the electrons forming the magnetic moments and no or only little
spin-polarization is detectable in direct transport measurements.
The sample preparation for measurements with superconducting leads was challenging. Two
different techniques were used: Shadow evaporation and multi-step lithography. Both had
their own drawbacks. Nonetheless, two samples made of palladium and aluminium were
measured. One of them showed a strong reduction of the expected non-linearities in the I V
curves. This reduction is a clear hint for the presence of a magnetic moment inside the atomic
contact of palladium.
For the second sample, it remains unclear if the atomic contact was formed inside the palladium or the aluminium. A third option is the interface between the two metals, which is
the most probable position. This sample did not show clear signature of magnetic moments.
Therefore, further measurements have to be carried out to reveal the origin of the reduction
seen in the first sample.
Concluding, one can say that in atomic contacts of strong paramagnets a local magnetic order emerges. But the shot noise measurements point to a separation of magnetism and transport. Therefore, no spin-polarization could be measured in atomic contacts of strong paramagnets. The measurements with superconducting leads did not give conclusive results, but
show signs of magnetic order.
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Appendix A

Appendix
A.1 Noise Setup
The two devices of the noise setup, which might need some more information about the specifications and the additional noise, are the home-built adder and the IV converter. First, the
adder is described and analyzed in terms of noise input. This device has been built by the
electronic workshop of the university. The design is from M. Herz for noise measurements in
a STM [Her+13].

A.1.1 Adder
The circuit diagram is shown in figure A.1. Only one input is connected, so it is used as a
voltage divider and a low-pass filter. To exclude any ground loops, the amplifier is powered by
a battery pack. To reduce the noise input into the setup, a low-pass filter with cutoff frequency
of f c = 16 Hz is applied at the second operational amplifier. The first one divides the signal by
a factor of 10, which allows for higher signals at the output of the sources. The two amplifier
stages make the polarity of the output signal the same as the input.
To estimate the influence of the source and the adder on the noise, I made a full noise analyp
sis for the adder including the noise of the source e source = 45 nV/ Hz. Due to the two stages
of the adder, one can divide the analysis into two parts. One for the first operational amplifier
(opamp) and one for the second. The equivalent circuit diagram for both stages is depicted
in figure A.2.
For the first stage one may exclude the disconnected input and neglect all capacitive influences. The different noise sources are:
e α thermal noise of R 1 = 33 kΩ,
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Figure A.1: The circuit diagram of the battery-powered adder with built-in low pass filter is shown. The
cutoff frequency is 16 Hz. The design is from M. Herz, the diagram from the electronics workshop
of the university. The 100 Ω resistor at the output was shorted to reduce the additional noise in the
setup.

p
i β input current noise of the opamp (i β = 1.7 nA/ Hz, [Tex20]),
p
e γ input voltage noise of the opamp (e γ = 1.1 nV/ Hz, [Tex20]), and
e δ thermal noise of R 2 = 3.3 kΩ.
At the output the different noise sources add up as
1
=
e out

s
µ

R2
e source
R1

¶2

µ

+

R2
eα
R1

¶2

¶2
µ
¡
¢2
R2
e γ + e δ2
+ R2 i β +
R1

(A.1)

p
to a total of 10.6 nV/ Hz.
The second stage includes a total capacitance C = 3 µF for filtering reasons. Therefore, one
has to calculate with complex numbers. All given numbers are calculated for a frequency of
10 kHz. The filtering will increase for higher frequencies, lower frequencies are not interesting
for the presented measurements. The following terminology is used: X 1 = 3.3 kΩ resistor at
1
the input, X 2 = 3.3 kΩ feedback resistor, X 3 = i ωC
impedance of the capacitance and X 2∥3
impedance of X 2 parallel to X 3 . The noise sources are again:
1
e out
noise from the previous stage,

e ε,η thermal noise from X 1 = X 2 = 3.3 kΩ,
p
i ζ input current noise of opamp (i ζ = 1.7 nA/ Hz, [Tex20]), and
p
e θ input voltage noise of the opamp (e θ = 1.1 nV/ Hz, [Tex20]).
The 100 Ω resistor at the output of the second stage has been removed, since it is not filtered
2
anymore and would add its full thermal noise. The noise contribution at the output e out
=
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Figure A.2: The equivalent circuit diagram for both stages of the adder. The e i indicate voltage sources
and the i i indicate current sources for the noise. They are labeled continuously with Greek letters.

Wusource is then calculated via the sum of the squares of the absolute values.
s¯
¯ ¯
¯
¯2 ¯
¯
¯
¯ ¯ X 2∥3 ¯2
¯ X 2∥3 1 ¯2 ¯ X 2∥3 ¯2 ¯
¯2 ¯ X 3
2
¯
¯
¯
¯
¯
¯
¯
¯
¯
e out = ¯
e
e ε ¯ + X 2∥3 e ζ + ¯
eη +
e θ ¯¯
+
X 1 out ¯ ¯ X 1
X2 + X3 ¯ ¯ X1

(A.2)

p
2
≈ 23 pV/ Hz.
For the already mentioned frequency f = 10 kHz the math leads to e out

A.1.2 IV Converter
Measuring small currents with a high bandwidth is challenging. Therefore, a special amplifier, which was designed to fulfill the requirements of the setup, was used. The amplifier was
designed and produced by “JanasCard” in Czech Republic. The key features are given in table A.1. A more detailed description of the operating principle is given by the manufacturer1 .

gain
bandwidth
output swing
output impedance
input bias
input voltage noise
input resistance
acceptable input capacitance

1 × 106 V/A 1 × 107 V/A
2 MHz
450 kHz
±10 V @ load>2 kΩ
50 Ω
<5 pA
p
typ. 1 nV/ Hz
100 Ω
max. 150 pF

Table A.1: The specifications of the IV converter IVF10M by JanasCard.

1 http://janascard.cz/PDF/Ultralownoisehighbandwidthtransimpedanceamplifiers.pdf in section

4: “A composite ultra-low noise TIA”.

129

A PPENDIX A A PPENDIX

noise density (A 2/Hz)

10-24

a)

b)

100pF
68pF
47pF

10

-25

10-26

22pF

0

200

400

600

800

1000

0

200

frequency (kHz)

400

600

800

1000

frequency (kHz)

Figure A.3: In a), the measured input current noise for the IV converter in the frequency regime up to
1 MHz is depicted. The roll-off starting at 800 kHz is caused by the settings of the oscilloscope. In
b), the measured spectra for four different capacitors (with nominal values of 22, 47, 68, 100 pF) at
the input (in red) and the corresponding modeling with the parameter given in the text (in blue)
are shown.

To calculate the noise of the sample, one has to know the contributions of the amplifier. As
already written in section 3.4.3, there are two contributions from the amplifier. One is the
amp
input current noise Wi
, which can be measured easily by recording a spectrum with an
open input. To block radiation, the input is covered by a cap. The corresponding spectrum is
depicted in figure A.3.
amp
The second contribution, the input voltage noise Wu , is not that easy to determine. Therefore, the idea of Cron [Cro01] is adapted to an IV converter. Any resistor at the input will
add some voltage noise to circuit, which is much higher than the expected value for the
amplifier. Hence, one uses capacitors between the input and ground. The resulting spectra consist of the input current noise and the input voltage noise, which is converted to
a current noise via the impedance of the capacitor and the input capacity of the amplifier
Z = 1/(i ω(C amp +C add )). The spectrum at the output of the amplifier can be modeled by
amp

amp

W total = Wi

+

Wu

|Z |2

.

(A.3)

Fitting the data for all four capacitors with the same input capacitance and input voltage
amp
noise leads to C amp = 6.5 pF and Wu ( f ) = (2.82·10−18 −6.59·10−25 · f ) V2 /Hz. The measured
data as well as the modeling is depicted in figure A.3.
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A.2 MAR Setup
A.2.1 Adder MAR Setup
For the MAR setup only an adder was built, the corresponding circuit is presented in figure A.4. This adder is used to add a DC voltage at “IN 1:1” and an AC voltage at “IN 1:10”.
The “IN 1:10” is equipped with a high-pass filter at the input for blocking DC components
coming from the lock-in amplifier. Additionally this input also reduces the voltage by a factor
of 10 to allow for smaller AC signals in the setup2 . Both signals are added together with an
offset voltage, which is adjustable via a potentiometer, for compensating offsets from input
devices. The added signals are then fed into a differential amplifier to generate a symmetrical
output. Just in front of the output, a relay switch can clamp the output to ground. This relay
is switched by a 5 V signal at an additional input. Clamping the output to ground is used to
measure the offset of the voltage amplifiers in the setup.

A.2.2 Chirp Noise of the Voltage Source
After first test measurements without a well formed superconducting I V curves in the tunneling regime, the signals of the different devices have been checked. At the output of the
low-noise voltage source “Agilent B2962A” a chirp noise, depicted in figure A.5 was measured.
To remove this parasitic signal, a passive LCR-filter was attached directly at the output of the
voltage source. This filter is shown in figure A.5. It removes the chirp and leaves a flat signal. The 3 dB point is at 70 Hz. The residual noise is filtered by the adder and the cryogenic
filters.

A.2.3 Shift in Magnetic Field
While measuring the first samples in aluminium, in the BlueFors, the cryostat for measuring
MAR, one always measured a shift in the magnetic sweeps to determine the critical field of
the samples. As shown in figure A.6 a) this shift is always in the negative direction with slightly
different values. Since the origin of that shift was not clear and I wanted to exclude the presence of any ferromagnetic material in the vicinity of the sample, several investigations have
been performed. After replacing all ferromagnetic materials below the MXC, the shift was
still present, therefore other sources have been considered. Since the shift also appeared in
another experiment carried out in the same cryostat [Gar18], we directed our attention to the
power supply for the magnet.
2 Some AC sources or reference signals of lock-in amplifiers have a lower limit in the mV range.
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Figure A.4: The circuit diagram of the adder for the measurement with superconducting samples: The
design was made by H. Richter from the electronics workshop of the university.
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Figure A.5: The “Agilent B2962A” adds a periodic repeated high frequency noise to the DC voltage.
This additional signal is shown in red. It repeats every 5.7 µs. To cut this signal a LCR-filter shown
in the inset, is attached to the output of the device. The 3 dB frequency is at 70 Hz. Most parts of
the unwanted signal are filtered out with this filter, as demonstrated by the blue curve.

To check the output of the power supply, an ampere meter was hooked up between the power
supply and the superconducting magnet. In parallel, the resistance of an atomic aluminium
contact was monitored with the setup. The results are plotted in figure A.6 b) as a function of
the measured current through the superconducting magnet. As one clearly sees, a shift exists
between zero current (and minimum resistance) and zero field reading of the power supply.
In the example shown here, this shift amounts to about −7 mA or −0.75 mT, depending on
the exact definition of the zero. This value is in agreement with the shift measured by investigating the critical fields of various samples. But one also has to mention, that the exact value
changes when the power supply is switched off and on again, and temperature plays a roll
as well. So for consecutive measurements the exact shift was measured after cooldown (and
thermalization of the power supply) and repeatedly during the measurement by recording
the critical field. All these measurements give values in the range of −0.8 mT to −0.65 mT.
The appropriate value was taken as a reference for zero field.
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Figure A.6: Investigating the shift in magnetic field: a) Different measurements of the critical field lead
to a shift of the sweeps to negative field. Samples: Red/blue: Al_31-II-06; Green/orange: AlAu_29I-09. b) The reading of the power supply (left/blue) and the resistance of an atomic aluminium
contact (right/red) are shown as a function of the measured current through the superconducting magnet. A minimal resistance is expected for zero magnetic field, because of the splitting of
Cooper pairs caused by magnetic fields.
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